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Infrared  intensities  of  gas-phase  methanol  have  been  remeasured 
experimentally  using  the  technique  of  Wilson  arid  Wells  as  modified 
by  Penner  and  Weber.  The  values  measured  are  in  reasonable  agree- 
ment with  literature  values,  and  best  estimates  are  made  for  the 
absolute  intensities  of  the  vibrational  modes  of  methanol.  These 
intensities  are  used  together  with  an  ab  initio  quantum  mechanical 
calculation  of  the  signs  of  the  dipole  moment  derivatives  to  derive 
atomic  polar  tensors  for  methanol.  The  effects  both  of  the  normal 
coordinates  and  of  other  sign  choices  on  the  atomic  polar  tensors 
for  methanol  are  discussed.  These  polar  tensors  are  used  to  predict 
the  infrared  intensities  for  ethers  and  higher  alcohols. 

The  infrared  intensities  of  methanol,  ethanol,  dimethyl  ether, 
and  acetone  are  predicted  using  atomic  polar  tensors  transferred 
from  other  molecules.  The  absolute  intensities  predicted  for  these 
molecules  are  compared  with  the  experimental  absolute  intensities. 
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which  have  been  remeasured.  The  intensities  predicted  for  the 
alcohols  and  the  ether  agree  with  the  experimental  intensities 
to  within  a factor  of  two,  but  serious  discrepancies  are  seen 
in  the  intensities  predicted  for  the  ketone. 

The  atomic  polar  tensors  for  methanol,  ethanol,  formaldehyde, 
and  acetone  have  been  calculated  by  the  self-consistent  field 
method  using  a 4-31G  basis  set.  The  absolute  intensities  pre- 
dicted by  these  quantum  mechanically  calculated  polar  tensors 
are  in  factor— of —two  agreement  with  experiment  both  for  the 
alcohols  and  for  the  ketones. 

The  comparison  of  the  transferred  atomic  polar  tensors  and 
the  quantum  mechanically  calculated  atomic  polar  tensors  is 
discussed  for  each  molecule.  This  comparison  for  acetone  indicates 
that  the  polar  tensors  transferred  from  formaldehyde  to  acetone 
do  not  predict  correctly  the  intensity  of  the  carbonyl  stretch 
because  the  methyl  groups  in  acetone  are  donating  electrons  to 
the  carbonyl  group.  The  comparison  of  the  atomic  polar  tensors 
quantum  mechanically  calculated  for  the  methyl  hydrogens  in 
methanol  and  in  acetone  indicates  that  the  differences  are  due  to 
the  interactions  of  the  methyl  hydrogens  in  methanol  with  the 
trans  nonbonding  electrons  on  the  oxygen  atom. 
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CHAPTER  1 
INTRODUCTION 

Infrared  intensities  have  been  studied  for  many  years;  a major 
goal  has  always  been  to  be  able  to  predict  accurately  the  expected 
infrared  absorption  intensities  for  the  fundamental  modes  of  vibration 
of  any  molecule.  This  idea  of  predicting  infrared  intensities  is 
analogous  to  predicting  the  absorption  frequencies  of  the  vibrational 
modes  of  a molecule.  Our  ability  to  predict  accurate  frequencies  for 
many  molecular  vibrations  is  well  established,  but  a method  for 
accurate  intensity  predictions  has  proved  to  be  most  elusive  (1) . 

One  problem  with  intensity  data  analyses  and  intensity  predictions 
arises  because  the  intensity  of  a particular  normal  mode  of  vibration 
depends  upon  the  exact  form  of  that  vibrational  mode  (2,3).  Further- 
more, since  absorption  of  infrared  radiation  by  a molecule  occurs  only 
if  there  is  a concomitant  change  in  the  molecular  dipole  moment  and 
further  that  the  resultant  intensity  depends  upon  the  square  of  this 
dipole  moment  change  (2),  one  finds  that  to  analyze  intensity  data 
he  needs  some  reliable  method  for  establishing  the  direction,  or  the 
sign,  of  the  dipole  moment  change.  Another  problem  with  intensity 
studies  is  that  to  even  measure  the  absorption  intensity  of  a vibra- 
tional mode  can  be  a difficult  task  because  a slightly  haphazard 
experimental  procedure  can  result  in  a band  intensity  value  in  error 
by  integral  multiples  of  the  true  value. 
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If  the  difficulties  with  infrared  intensity  analyses  could 
be  overcome  to  the  point  where  accurate  intensities  were  known  for 
molecules,  the  results  would  be  well  worth  the  effort.  Not  only 
could  one  identify  an  unknown  compound  by  its  infrared  absorption 
frequencies,  but  he  could  also  check  to  see  that  the  relative  in- 
tensity pattern  in  the  infrared  spectrum  was  consistent  with  a pre- 
sumed molecular  structure.  Another  use  for  absolute  intensities 
exists,  but  first  we  must  consider  the  experimental  definition  of  the 
absolute  intensity  of  an  infrared  absorption  band. 


Experimental  Absolute  Intensities 

The  experimental  infrared  absolute  band  intensity  may  be  defined 
as  follows  (4) : 


A = U/CSL) 


/ 


Band 


log  (I  /I ) dv 


e o 


(1-1) 


Here  A.  is  the  absolute  intensity  of  the  ith  normal  mode  of  vibration, 
C is  the  sample  concentration,  l is  the  optical  pathlength  through 
the  sample , Iq  is  the  intensity  of  light  incident  on  the  detector  in 
the  absence  of  sample,  I is  the  intensity  of  light  incident  on  the 


detector  in  the  presence  of  sample,  V is  the  wavenumber  of  the  radiation, 
and  finally  the  integration  is  performed  over  the  entire  absorption  band. 
We  shall  express  the  wavenumber  V in  units  of  cm"1,  the  concentration 
in  moles  per  cubic  decimeter,  and  the  optical  pathlength  in  centimeters. 
The  absolute  intensity  (Aj  will  be  reported  in  units  of  kilometers  per 
mole.  These  units  require  that  the  right  hand  side  of  Eq.  (1-1)  be 
divided  by  100. 


There  is  an  alternate  definition  for  the  absolute  intensity  where- 
in the  integration  is  carried  out  with  respect  to  d (log  V) ; the 
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absolute  intensity  defined  in  this  manner  is  given  the  symbol  F, (4) : 


The  definition  of  T is  more  closely  related  to  the  quantum  mechanical 
result  for  the  absolute  intensity  of  an  infrared  transition  than  is  A, 
but  integration  with  respect  to  V has  been  easier  to  apply  in  practice, 
so  A is  in  wider  usage  at  the  present  time.  Integration  with  respect 
to  V has  been  easier  to  do  mainly  because  most  infrared  spectrometers 
record  spectra  linear  in  wavenumber.  The  distinction  between  A and  F 
is  normally  not  too  serious  as  the  two  quantities  are  related  (4) : 

A.  S r.v.  (1-3) 

where  is  the  band  origin  of  the  ith  vibrational  mode. 

Absolute  intensities  are  measured  by  making  Beer's  law  plots  of 
ACi  vs.  C&  and  the  slope  of  the  least  squares  fit  to  the  data  is  taken 
as  the  absolute  intensity.  We  shall  discuss  in  Chapter  2 how  linear 
Beer's  law  plots  for  infrared  absorption  bands  can  be  obtained. 

Another  application  of  absolute  intensities  now  suggests  itself. 
One  can  estimate  concentrations  of  substances  that  are  not  easily 
determined  by  other  techniques.  One  can  measure  the  integrated  area 
of  a sample  band,  and,  knowing  the  absolute  intensity,  calculate 
the  concentration-pathlength  product.  If  he  is  clever  enough  to  find 
a way  of  estimating  the  pathlength,  he  can  calculate  the  concentration. 
Such  a procedure  has  been  used  to  estimate  concentrations  in  matrix- 


l 


Band 


(I  /I)  d (log  V) 
o e 


(1-2) 


isolated  samples  (5) . 
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Quantum  Mechanical  Treatment  of  Infrared  Intensities 
The  absolute  intensity  of  an  infrared  absorption  band  is  equal 
to  (4) 

A±  = (8TT3NV./3hc)  |<i^v,|pk  V,H2  U-4) 

where  ipv,  is  the  wavefunction  for  the  vibrationally  excited  state  v' 
and  ip  „ is  the  wavefunction  for  the  initial  state  v" . The  p is  the 
dipole  moment  operator,  and  \h  is  the  wavenumberof  the  ith  absorption 
band.  The  dipole  moment  function  is  usually  expanded  in  a Taylor  series 
in  the  normal  coordinates  and  only  the  linear  terms  are  kept.  If  now 
harmonic  oscillator  wavef unctions  are  substituted  into  Eq.  (1-4)  , the 
following  expression  for  A^  is  obtained  (4) : 

A±  = (NTTdVSc2)  | 9p/3Q±  | 2 (1-5) 

Here  N is  Avogadro's  number,  d^  is  the  degeneracy  of  the  ith  funda- 
mental vibration,  and  c is  the  velocity  of  light.  The  quantity  3p/8Q^ 
is  the  dipole  moment  change  that  occurs  when  the  ith  normal  mode  (0^) 
is  excited.  The  magnitude  of  this  dipole  moment  change  may  be  calculated 
from  experimentally  measured  absolute  intensities  by  combining  Eqs.  (1-1) 
and  (1-5) . The  sign  of  the  dipole  moment  change  will  remain  indetermi- 
nant because  the  dipole  moment  change  is  squared  in  Eq.  (1-5) . We  shall 
see  that  determining  this  sign  can  be  a major  problem  indeed  in  the 
interpretation  and  prediction  of  infrared  absolute  intensities. 

Equation (1-5) also  implies  that  the  absolute  intensity  depends  upon 
the  form  of  the  normal  coordinate  Q.  These  normal  coordinates  (2) 
are  the  vibrational  coordinates  for  which  the  Schrddinger  equation  for 
harmonic  oscillator  wavef unctions  becomes  separable  (6) . Unfortunately, 
the  vibrational  motions  of  the  molecules  represented  by  these  normal 
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coordinates  are  not  very  useful  for  interpretative  purposes  as 
several  or  all  of  the  nuclei  are  in  motion  at  the  same  time.  These 
normal  coordinate  vibrations  may,  however,  be  expressed  as  linear 
combinations  of  vibrations  in  internal  coordinate  space  (3)  where 
now  the  vibrations  are  combinations  of  simple  bond  stretches,  angle 
deformations,  or  torsions  about  chemical  bonds.  The  dipole  deriva- 
tives may  also  be  transformed  to  this  internal  coordinate  space; 
such  a transformation  yields  dipole  derivatives  which  have  a chemical 
meaning.  The  dipole  moment  change  that  results  when  an  0-H  bond  in 
one  alcohol  is  stretched  may  be  compared  with  that  for  another  alcohol. 
Or,  the  dipole  moment  change  for  one  molecule  may  be  transferred  to 
another  similar  molecule  to  test  the  transferability  of  the  intensity 
parameter.  In  actual  practice  a rotational  correction  (7)  is  required 

before  dipole  derivatives  in  internal  coordinate  space  are  compared 

\ 

for  different  molecules.  This  point  will  be  discussed  in  some  detail 
later. 

Interpretative  Approaches  to  Intensities 

Workers  in  the  field  of  infrared  spectroscopy  have  tried  to  use 
the  dipole  moment  changes  with  respect  to  internal  coordinates  to 
predict  infrared  absolute  band  intensities  (8) . It  was  hoped,  for 
example,  that  an  0-H  stretch  in  one  alcohol  would  have  the  same  dipole 
moment  change  as  another  related  alcohol,  or  that  a methylene  bending 
vibration  would  induce  the  same  dipole  moment  change  for  related  com- 
pounds all  containing  a methylene  group. 

The  use  of  electro-optical  intensity  parameters  (6,9)  has  been 
pioneered  by  Soviet  workers  (10).  In  this  intensity  model,  the  total 
molecular  dipole  moment  is  taken  as  a sum  of  all  the  individual  bond 
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dipole  moments.  This  sum  is  then  differentiated  with  respect  to 
the  internal  coordinates  to  obtain  the  electro-optical  parameters. 
However,  such  a differentiation  leads  to  cross  terms  such  as  the 
change  in  the  dipole  moment  of  one  C-H  bond  with  respect  to  stretch- 
ing another  C-H  bond.  Such  terms  are  difficult  to  put  on  an  intuitive 
basis  for  sign  prediction,  especially  when  such  cross  terms  may  be 
just  as  large  as  those  involving  the  same  bond  (11) . Often,  the 
signs  of  these  electro- optical  parameters  are  chosen  purely  upon  the 
basis  of  chemical  intuition. 

The  atomic  polar  tensor  method  of  analyzing  intensity  data  was 
introduced  in  1961  by  Biarge,  Herranz,  and  Morcillo  (12)  and  later 
reformulated  by  Person  and  Newton  (13) . In  the  atomic  polar  tensor 
(APT)  approach,  the  dipole  derivatives  are  transformed  from  internal 
coordinate  space  to  space-fixed  cartesian  coordinate  space.  The 
resulting  dipole  moment  derivatives  are  now  no  longer  associated  with 
bond  or  angle  changes,  but  with  cartesian  displacement  coordinates  of 
the  atoms  of  the  molecule.  The  APT  dipole  derivatives  are  the  changes 
in  the  x,  y,  and  z components  of  the  total  molecular  dipole  moment 
when  a particular  atom  in  the  molecule  is  displaced  along  one  of  the 
space-fixed  cartesian  axes  x,  y,  or  z.  The  APT  for  an  atom  is  thus  a 
tensor  of  the  second  rank,  and  we  define  a typical  element  as  SpVSj^ 
where  p.  is  the  ith  component  (x,  y,  or  z)  of  the  molecular  dipole 
moment  p,  and  j is  the  displacement  direction  (x,  y,  or  z)  of  atom  a. 
One  would  hope,  then,  that  these  APT's  would  be  characteristic  of  the 
atom  and  would  be  transferable  to  other  like  atoms  in  similar  molecules. 
Such  investigations  of  the  transferability  of  APT's  for  certain  atoms, 
notably  fluorine,  have  met  with  reasonable  success  in  the  prediction  of 
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infrared  intensities  (14-17) . We  hope  to  demonstrate  in  this 
dissertation  that  APT's  are  often  transferable  among  organic  mole- 
cules with  similar  structural  units. 

We  might  briefly  contrast  the  differences  in  the  electro- 
optical  and  atomic  polar  tensor  theories  for  infrared  intensities. 

Let  us  consider  the  electro-optical  and  APT  approaches  applied  to 
the  specific  case  of  ethanol  for  predicting  the  absolute  intensities 
of  the  twenty-one  fundamental  modes  of  vibration.  In  the  electro- 
optical  treatment  (18) , twenty-six  intensity  parameters  were  needed 
for  the  first-order  approximation  (6) . Six  of  these  parameters  were 
transferred  from  the  electro-optical  parameters  for  methanol  (18) 
and  two  parameters  from  propane  (19);  the  other  eighteen  electro- 
optical  parameters  were  adjusted  until  the  twenty-six  parameters  for 
ethanol  reproduced  the  experimental  absolute  intensities.  In  the 
APT  approach  used  in  this  dissertation,  APT's  for  the  atoms  in  the 
CH^OH  group  will  be  transferred  to  ethanol  from  methanol,  and  APT's 
for  the  atoms  in  the  CH^  structural  unit  of  ethanol  will  be  trans- 
ferred from  ethane.  Prediction  of  the  absolute  intensities  for 
ethanol  in  the  APT  approach  is  thus  indeed  a prediction  - no  para- 
meter fitting  to  the  experimental  data  is  made. 

We  might  also  mention  that  these  APT's  are  particularly  easy, 
conceptually  at  least,  to  calculate  quantum  mechanically.  The  term 
9p./3j  is  approximated  as  Ap./Aj^  and  from  a calculation  of  the 
equilibrium  dipole  moment  and  a calculation  of  the  dipole  moment  after 
displacement  of  the  otth  atom  of  the  molecule  a small  distance  along 
j,  3p./3ja  can  be  calculated.  The  displacements  for  the  atoms  are 
particularly  well-defined  and  easily  applied  because  the  displacements 
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are  along  the  space-fixed  axis  system.  The  disadvantage  to  such  a 
procedure  for  calculating  the  APT's  is  that  in  the  most  general  case, 
the  dipole  moment  calculation  must  be  repeated  six  times  for  each 
atom  in  the  molecule.  (Here  we  assume  that  both  positive  and  negative 
displacements  along  each  of  the  three  space-fixed  cartesian  axes 
will  be  averaged  to  better  approximate  the  anharmonicity  of  the  dipole 
derivative.)  To  be  sure,  molecular  symmetry  and  the  null  condition 
governing  the  APT's  (Chapter  3,  Eq.  (3-25))  reduces  the  total  number 
of  calculations  necessary,  but  the  number  is  still  quite  large  for 
moderately  sized  molecules  of  low  symmetry.  Recently,  Komornicki 
and  Mclver  (20)  have  introduced  a much  more  computationally  feasible 
method  for  calculating  dipole  moment  derivatives.  This  method  in- 
volves a calculation  of  the  potential  energy  gradient  in  the  presence 
of  an  applied  external  electric  field.  The  resulting  derivatives  are 
equivalent  to  the  APT  elements. 

We  shall  be  concerned  in  this  dissertation  with  the  absolute  in- 
tensities of  the  absorption  bands  in  the  infrared  spectra  of  the 
organic  molecules  methanol,  ethanol,  dimethyl  ether,  formaldehyde, 
and  acetone.  We  shall  discuss  in  Chapter  2 the  measurements  of  the 
absolute  intensities  for  the  infrared  absorption  bands  of  the  first 
three  molecules.  The  absolute  intensities  we  have  measured  for 
methanol,  ethanol,  and  dimethyl  ether  are  in  reasonable  agreement 
with  previous  measurements;  our  error  limits  are  rather  small  for  the 
intensity  measurements  we  made  with  a Nicolet  Model  7199  Fourier 
Transform  Infrared  Spectrometer  (FT-IR) , and  we  expect  to  see  a rapid 
growth  in  studies  of  infrared  intensities  once  computerized  spectro- 
meters are  routinely  available  in  chemical  laboratories. 
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We  have  used  the  absolute  intensities  measured  for  the  infrared 
absorption  bands  of  methanol  to  derive,  using  the  method  of 
analysis  outlined  in  Chapter  3,  a set  of  experimental  atomic  polar 
tensors  for  methanol.  This  analysis  is  presented  in  Chapter  4. 

We  shall  be  most  interested  to  see  how  well  these  APT's  transferred 
to  other  organic  molecules  can  be  used  to  predict  infrared  intensi- 
ties for  these  other  molecules.  The  intensities  predicted  for  the 
infrared  absorption  bands  of  many  of  our  series  of  molecules  are 
discussed  in  Chapter  5. 

Chapter  5 also  presents  a quantum  mechanical  investigation  of 
the  APT's  and  infrared  intensities  for  our  series  of  molecules. 

We  shall  be  interested  in  ascertaining  how  well  an  ab  initio 
calculation  using  a 4-31G  basis  set  predicts  infrared  intensities 
for  these  molecules.  The  results  of  the  ab  initio  intensity 
calculation  for  methanol  will  be  used  in  conjunction  with  the 
experimental  absolute  intensities  for  the  vibrational  bands  of 
methanol  to  derive  experimental  APT's.  We  shall  also  present  a 
comparison  of  the  ab  initio  calculated  APT's  for  the  same  atoms  in 


different  molecules. 


CHAPTER  2 

EXPERIMENTAL  INTENSITIES 

Absolute  infrared  band  intensities  for  gas  phase  molecules 
have  proved  to  be  rather  difficult  to  measure  accurately,  and 
values  reported  by  different  workers  often  disagree  by  twenty 
percent  or  more;  even  factor-of-two  disagreements  are  not  unknown. 

We  have,  therefore,  remeasured  the  gas  phase  absolute  band  intensities 
for  the  fundamental  vibrations  of  methanol  with  the  view  toward 
deriving  atomic  polar  tensors  for  methanol  from  the  experimental 
data.  We  have  also  remeasured  the  gas  phase  absolute  band  intensities 
for  ethanol  and  dimethyl  ether  in  order  to  provide  experimental  data 
with  which  to  compare  our  predicted  intensities.  This  chapter 
contains  a discussion  of  the  experimental  procedures. 

The  absolute  intensity  of  an  infrared  absorption  band  was 
defined  in  Chapter  1 (Eq.  (1-1)  and  the  definition  is  repeated  below: 

A (km  mol”1) = (1/100C£)  I log  (I  /I)dV  (2-1) 

_ ■>  , e o 
Band 

-3 

Here  the  concentration  C is  expressed  in  mol  dm  , and  the  cell  path- 
length  £ is  expressed  in  cm.  Measurements  of  an  absolute  intensity 
are  difficult  primarily  because  I and  I and  hence  the  integral 
in  Eq.  (2-1)  are  difficult  to  measure  accurately. 

One  of  the  difficulties  encountered  with  intensity  measurements 
made  with  a prism  or  grating  spectrometer  arises  because  a monochromator 
set  at  V actually  transmits  a range  of  frequencies.  This  frequency 
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distribution  about  V arises  both  from  diffraction  effects 

o 

determined  by  the  dimensions  of  the  dispersing  element  and  from 


diffraction  around  the  finite  slit  openings  through  which  the 


light  passes  (21) . The  distribution  about  is  given  by  the 


spectrometer  slit  function  g(V,V  ) (4).  For  infinitely  narrow 

o 


slits,  the  intensity  distribution  of  the  frequencies  about 


is  a sine  function;  finite  slit  widths  distort  this  distribution. 


and  the  exact  functional  form  of  g(V,V  ) becomes  difficult  to 

o 


evaluate.  Fortunately,  g(V,V  ) rapidly  approaches  zero  as  V be- 

o 


comes  much  different  from  V if  the  monochromator  is  reasonably 

o 


efficient. 


The  spectrometer  slit  function  must  be  explicitly  considered 


in  the  calculation  of  the  intensity  I at  frequency  V . Thus  we 


write  (4) 

T(V  ) = / I (V)  g (V, V )dV  (2-2) 

o J o 

0 


where  I (V)  is  the  intensity  at  V and  T(V  ) is  the  apparent  intensity 

o 

at  V . The  expression  for  the  absolute  intensity  (Eq.  (2-1))  must 
o 

also  be  modified  because  of  this  finite  slit  width  problem: 


A. 

l 


( 1/CH ) 


f log 

Band 


e 


/ I ( V)  g ( V,  V )dV 
I o o 


oc 

J 


->  dV 


I (v)g (V,V  ) dV 


(2-3) 


Equation  (2-3)  is  a much  more  formidable  expression  for  the  absolute 

intensity  than  is  Eq.  (2-1) , and  the  task  becomes  one  of  finding 

experimental  conditions  for  which  Eq.  (2-3)  reduces  to  Eq.  (2-1) . 

Wilson  and  Wells  (22)  showed  that  if  neither  I nor  I varied 

o 

rapidly  over  the  spectrometer  slit  function  half-width  (See  Appendix  B 
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for  a discussion  of  half-widths) , Eq.  (2-3)  reduces  to  Eq.  (2-1) 
as  the  concentration-pathlength  product  approaches  zero.  Thus, 
by  plotting  AC£  vs . c£  and  calculating  the  slope  of  the  tangent 
at  the  origin,  one  obtains  the  true  intensity.  The  experimental 
conditions  necessary  to  fulfill  the  assumptions  made  by  Wilson  and 
Wells  are  not  easily  met.  The  intensity  I fluctuates  rapidly 
in  regions  of  atmospheric  water  and  carbon  dioxide  absorptions  if 
the  spectrometer  is  not  carefully  purged  with  a non-absorbing  gas. 

More  difficult  to  overcome  is  the  condition  that  I be  relatively 
constant  over  the  spectral  slit  width.  For  gaseous  molecules  at 
low  pressure,  the  rational  fine  structure  of  the  vibrational 
bands  has  half-widths  on  the  order  of  thousandths  of  a 
wavenumber;  grating  spectrometers  usually  have  resolutions  approach- 
ing only  half  a wavenumber  or  so  under  the  best  of  conditions.  The 
condition  of  a slowly  varying  I is  thus  not  easily  met  for  gas 
phase  intensity  measurements. 

Penner  and  Weber  (23)  demonstrated  that  straight  line  Beer's 
law  plots  passing  through  the  origin  could  be  obtained  if  an  inert 
foreign  gas  were  added  to  the  sample  gas  to  broaden  the  individual 
vibration-rotation  lines  until  their  half-widths  were  large  compared 
to  the  resolution  of  the  spectrometer.  The  pressure  of  broadening 
gas  necessary  for  a straight  line  Beer's  law  plot  can  be  experimentally 
determined  from  a plot  of  ACi  for  a particular  choice  of  C£  vs . 
broadening  gas  pressure.  The  apparent  integrated  area  at  first  in- 
creases and  then  becomes  constant  as  the  pressure  is  increased. 
Broadening  gas  pressures  corresponding  to  the  constant  portion  of 
the  curve  are  required  if  accurate  absolute  intensities  are  to  be 
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measured.  In  practice,  small,  light  molecules  such  as  CO  or  HC1 
with  large  rotational  line  spacings  require  higher  broadening 
gas  pressures  than  do  heavier  molecules  such  as  dimethyl  ether  with 
small  line  spacings.  For  a molecule  such  as  dimethyl  ether,  the 
density  of  vibration-rotation  states  is  very  large,  and  even  a 
moderate  total  pressure  causes  the  absorption  lines  to  begin  to 
overlap.  For  a given  region  of  the  infrared  spectrum  of  dimethyl 
ether,  there  also  may  be  several  different  overlapping  vibrational 
modes  which  further  increase  the  density  of  absorption  lines. 

For  HC1  the  rotational  lines  lie  far  apart  (about  21  cm"1  (24)),  so 
enough  pressurizing  gas  must  be  added  to  broaden  each  line  until 
the  half-width  is  large  compared  to  the  resolution  of  the  spectro- 
meter. 

Experimental  Outline 

We  have  remeasured  the  gas  phase  absolute  band  intensities 
for  the  fundamental  vibrational  bands  of  methanol,  ethanol,  and 
dimethyl  ether.  The  absolute  intensities  were  determined  by 
applying  the  technique  of  Wilson  and  Wells  (22)  as  modified  by 
Penner  and  Weber  (23) . Before  describing  the  detailed  experimental 
procedures,  we  shall  briefly  describe  the  different  spectrometers 
used  for  the  intensity  measurements. 

Spectrometers 

A Perkin-Elmer  Model  E-14  spectrometer  and  a Perkin-Elmer  Model 
621  spectrometer  were  used  for  the  intensity  measurements  of  the 
vibrational  modes  of  methanol.  The  Perkin-Elmer  Model  E-14  spectrom- 
eter (described  more  fully  in  reference  25)  is  a single  beam 
instrument  utilizing  a monochromator  with  an  Ebert  mounting. 
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The  spectrometer  records  spectra  linear  in  wavelength  rather  than 
wavenumber;  the  ordinate  scale  is  linear  in  transmittance.  The 
whole  optical  cavity  of  the  spectrometer  can  be  continuously 
purged  with  dry  nitrogen  gas.  The  Perkin-Elmer  Model  621  spectrom- 
eter is  a double  beam  instrument  and  has  a modified  sample 
compartment  capable  of  accepting  gas  cells  up  to  29  cm  in  length. 

The  Model  621  records  spectra  linear  in  wavenumber,  and  the  ordinate 
scale  can  be  plotted  linear  in  either  absorbance  or  percent 
transmittance.  Maximum  resolution  on  either  instrument  is  limited 
to  several  tenths  of  a wavenumber. 

Some  time  after  the  measurements  for  methanol  were  completed, 
the  University  of  Florida  received  a Nicolet  Instrument  Corp.  Model 
7199  Fourier  transform  infrared  spectrometer  (FT-IR) . The  absolute 
intensity  measurements  for  ethanol  and  dimethyl  ether  were  made 
with  the  Nicolet  Model  7199  FT-IR.  The  heart  of  this  spectrometer 
system  is  a Michelson  interferometer  which  gives  a guaranteed 
maximum  resolution  of  0.06  cm  ; this  resolution  is  at  least  an 
order  of  magnitude  better  than  that  provided  by  either  of  the  two 
Perkin-Elmer  grating  spectrometers  described  above.  Like  the 
Perkin-Elmer  Model  E-14  spectrometer,  the  Nicolet  Model  7199  FT-IR 
operates  in  a single  beam  mode.  Any  atmospheric  water  or  carbon 
dioxide  present  in  the  optical  path  can  appear  in  the  ratioed 
spectrum  if  the  amounts  differ  for  the  sample  scan  and  the  back- 
ground scan.  Although  the  whole  optical  bench  was  continuously 
purged  with  dry  nitrogen,  ratioed  spectra  almost  always  still  showed 
positive  or  negative  water  and/or  carbon  dioxide  absorption  bands. 
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General  Procedure 

Curves  of  I as  a function  of  wavenumber  were  measured  by 
o 

filling  an  evacuated  sample  cell  with  only  the  pressurizing  gas 

and  then  scanning  the  infrared  spectrum.  To  obtain  the  I curve, 

the  cell  was  evacuated  and  then  filled  to  the  desired  pressure 

of  sample  gas.  The  pressurizing  gas  was  not  immediately  added 

to  the  cell;  rather,  the  entire  line  up  to  the  cell  inlet  valve 

was  pressurized  up  to  the  pressure  used  to  determine  I and  then 

pumped  back  down.  This  line  flushing  procedure  was  repeated 

three  times  before  the  pressurizing  gas  was  actually  admitted  to 

the  cell.  The  pressurizing  gas  was  admitted  to  the  cell  by 

opening  the  cell  valve  for  about  three  seconds.  The  spectrum  of 

this  mixture  was  scanned  to  provide  the  I curve.  Computation 

of  the  quantity  log  (I  /I)  as  a function  of  wavenumber  (manually 

e o 

for  spectra  recorded  with  the  Perkin-Elmer  spectrometers  or  by 

computer  for  spectra  measured  with  the  FT-IR)  gave  the  spectral 

band  which  was  to  be  integrated  as  suggested  by  Eq.  (2-1) . 

Spectral  regions  measured  on  the  Perkin-Elmer  Model  E-14 

spectrometer  were  numerically  integrated  as  follows.  Values  of 

I and  I as  a function  of  wavelength  were  read  off  the  spectral 
o 

recordings;  these  values  were  then  used  to  compute  log  (I  /I ) as  a 
function  of  wavelength.  After  conversion  of  the  wavelength  values 
to  wavenumber  values,  the  resulting  absorption  bands  were  numerically 
integrated  using  a programmable  calculator  according  to  Simpson's 
rule.  The  number  of  wavenumber  points  used  to  numerically  compute 
the  quantity  Jlogg (Iq/I) dv  in  each  spectral  region  was  chosen  by 
reintegrating  the  area  for  a particular  sample  concentration  with 
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ever  smaller  wavenumber  increments  until  no  significant  change  in 
the  total  area  occurred.  About  a hundred  points  were  usually  re- 
quired. Numerical  integrations  for  spectra  recorded  with  the  Perkin- 
Elmer  Model  621  spectrometer  were  made  in  exactly  the  same  way  as 
with  the  data  recorded  with  the  Perkin-Elmer  Model  E-14  except  that 
the  abscissa  was  already  linear  in  wavenumber. 

Integrations  for  spectra  recorded  with  the  Nicolet  Model  7199 
FT-IR  were  inherently  easier.  Band  integrations  were  made  using  the 
integration  routine  supplied  by  Nicolet  Instrument  Corp.  as  part 
of  the  FT-IR  software  package  ( 26  ) . This  routine  numerically  computes 
J AdV  between  the  specified  integer  wavenumber  limits  of  integration. 

The  absorbance  values,  though,  are  computed  as  log.,  (I  /I)  by  the 

10  o 

Nicolet  computer,  so  the  resulting  areas  must  be  multiplied  by  2.303 

to  obtain  integrated  areas  relative  to  absorbances  defined  as  log  (I  /I) . 

e o 

We  found  that  the  option  to  have  the  computer  draw  a baseline  between 
the  limits  of  integration  did  not  produce  accurate  numerical  integra- 
tions if  a spectrum  was  at  all  noisy.  Absorption  band  integrations 
were  therefore  made  without  a computer-drawn  baseline,  and  then  a base- 
line was  manually  drawn  across  a plot  of  each  spectral  region.  The 
area  contained  beneath  this  manually  drawn  baseline  was  subtracted 
from  the  total  band  area  calculated  by  the  Nicolet  computer. 

The  sequence  to  measure  I and  I and  to  integrate  the  resulting 
spectral  absorption  regions  was  repeated  for  several  sample  pressures. 

The  data  were  plotted  according  to  Beer's  law  as  A Cl  vs.  Cl,  and 
the  slope  of  the  least  squares  fit  (27)  to  the  data  gave  the  absolute 


intensity. 
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The  sample  cells  had  to  be  capable  of  withstanding  large 
pressures  for  the  intensity  measurements  done  at  several  atmospheres 
of  total  pressure.  We  have  used  brass  cells  of  a design  described 
by  Levine  (25).  The  cells  are  fitted  with  2.5  cm  thick  potassium 
bromide  windows,  and  we  have  used  pressures  of  over  twenty  atmospheres 
in  such  cells  with  no  accidents.  The  cell  inlet  valve  (Whitey  union 
bonnet  metering  valve,  31  series)  is  mounted  such  that  the  gases  are 
admitted  tangentially  to  the  cell  cavity  to  promote  better  gas  mixing. 
All  the  intensity  measurements  for  methanol  and  dimethyl  ether  were 
made  with  such  cells.  The  methanol  measurements  were  made  with  either 
a 3.28+0.02  cm  brass  cell  or  a 22.7  +0.1  cm  brass  cell  depending 
upon  the  intensity  of  the  spectral  region.  The  measurements  for 
dimethyl  ether  were  all  made  using  the  3.28  cm  brass  cell.  Some  of 
the  measurements  for  ethanol  were  made  using  the  3.28  cm  brass  cell; 
unfortunately,  some  spectral  regions  of  ethanol  were  too  weak  to  obtain 
reliable  integrated  areas  with  the  3.28  cm  brass  cell.  Since  the 
22.7  cm  brass  cell  would  not  fit  inside  the  sample  compartment  of  the 
Nicolet  Model  7199  FT-IR,  glass  sample  cells  had  to  be  used  for 
ethanol  for  some  of  the  measurements.  Of  course,  only  atmospheric 
pressures  of  nitrogen  could  be  used  in  these  glass  cells. 

The  sample  gas  pressures  were  measured  with  both  an  open-ended 
mercury  manometer  and  an  MKS  Instruments  Baratron  Type  221  capacitance 
manometer  with  a range  of  0 to  100  torr  (OPa  to  13.3  kPa) . Pressure 
readings  measured  with  the  MKS  baratron  were  calibrated  against  the 
pressure  readings  on  a McLeod  gauge  covering  the  range  of  0.7  Pa  to 
0.3  kPa  (1  kPa  = 7.502  torr).  Pressure  readings  of  5 torr  on  the 
MKS  baratron  could  be  read  to  0.01  torr  and  were  reproducible  to  at 
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least  +^0.02  torr.  A Matheson  Type  2 two-stage  regulator  was  used  to 
measure  nitrogen  pressures  greater  than  0.1  MPa  (0.987  atm);  nitrogen 
pressures  of  0.1  MPa  (1  atm)  were  measured  with  an  open-ended  mano- 
meter. 

Sample  concentrations  were  calculated  from  the  measured  sample 
pressures  using  the  ideal  gas  law  (C  = P/RT) . One  might  expect 
methanol,  ethanol,  and  dimethyl  ether  to  be  rather  non-ideal  gases  due 
to  intermolecular  interactions,  so  the  concentration  for  the  highest 
sample  pressure  ever  used  in  these  measurements  was  also  calculated 
for  each  gas  using  the  van  der  Waals  equation  of  state.  The  van  der  Waals 
constants  for  the  three  gases  were  taken  from  reference  28.  Comparison 
of  the  concentrations  calculated  from  the  two  equations  of  state  for 
each  gas  showed  that  the  nonideality  of  any  of  the  gases  was  entirely 
negligible  over  the  pressure  ranges  used  in  this  study. 

Methanol 

Survey  Spectrum 

Figure  2-1  shows  a survey  infrared  spectrum  of  methanol  vapor 

measured  with  the  Nicolet  Model  7199  FT-IR.  We  first  briefly  locate 

the  major  absorption  regions  due  to  methanol.  The  0-H  stretching 

mode  is  found  at  about  3670  cm  The  absorption  feature  just  below 

3000  cm  ^ is  due  to  the  C-H  stretching  modes  V , V and  V . The  methyl 

2 3 9 

group  bending  vibrations  (V  , V .and  V ) occur  around  1450  cm  ^ and 

4 5 10 

are  partially  overlapped  by  the  COH  bending  mode  \>  at  about  1340  cm  ^ . 

6 

The  other  large  absorption  feature  in  the  spectrum  is  the  C-0  stretching 
mode  V occurring  at  1034  cm  \ The  two  methyl  twisting  vibrations 

O 

and  v occur  at  1145  cm  ^ and  1077  cm  \ respectively;  V is  so 
weak  as  to  be  nondiscernible , while  is  overlapped  by  the  R-branch 
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of  the  C-0  stretching  mode.  Finally,  the  0-H  torsional  mode  V at 
272  cm  ^ falls  below  the  lower  wavenumber  limit  accessible  with  potas- 
sium bromide  windows  and  is  not  visible  in  Fig.  2-1.  We  might  also 
point  out  that  the  feature  at  2055  cm  1 is  the  first  overtone  of  the 
C-0  stretch  and  that  water  vapor  in  the  optical  path  is  responsible 
for  the  line  absorptions  around  3700  cm  ^ and  1700  cm  \ The  "noise" 
on  many  of  the  absorption  bands  (e.g.  the  C-0  stretching  region)  is 
actually  vibration-rotation  fine  structure;  the  true  noise  level  can 
easily  be  estimated  from  the  baseline  absorbance  around  2200  cm  ^ . 
Experimental  Conditions 

No  impurities  were  detected  in  the  infrared  spectra  of  either  the 
prepurified  nitrogen  (Airco)  or  the  methanol  (Mallinckrodt  spectro- 
photometric  grade) , so  they  were  used  without  purification,  except 
that  the  methanol  was  stored  over  molecular  sieve.  Pressures  of 
methanol  (vapor  pressure  at  25°C  = 15.3  kPa  (28))  ranged  from  0.8  kPa 
up  to  6.7  kPa,  and  were  measured  with  the  MKS  baratron.  For  the  weak 
0-H  stretching  mode,  pressures  ranged  from  3.3  kPa  up  to  11.3  kPa. 

(Note  that  1 kPa  = 7.502  torr.). 

Spectra  for  the  intensity  measurements  were  recorded  with  the 
Perkin-Elmer  Model  E-14  spectrometer.  The  0-H  and  C-H  stretching  regions 
of  methanol  were  recorded  at  an  average  spectral  slit  width  of  0.9  cm 
while  the  C-0  stretching  region  was  recorded  at  an  average  spectral 
slit  width  of  0.6  cm  . For  the  intensity  measurements  on  the  weakly 
absorbing  CHg  bending  vibrational  modes,  the  22.7  cm  brass  cell  had 
to  be  used  instead  of  the  3.28  cm  brass  cell  used  for  the  regions 
mentioned  above.  The  22.7  cm  cell,  however,  would  not  fit  inside  the 
sample  compartment  of  the  Perkin-Elmer  Model  E-14  spectrometer,  so 
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the  Perkin-Elmer  Model  621  was  used.  The  average  spectral  slit  width 
on  the  Model  621  was  set  at  0.8  cm  1.  A measurement  of  the  C-0  stretch- 
ing intensity  with  both  the  spectrometers  resulted  in  comparable  in- 
tensity values. 

We  have  investigated  the  effect  of  pressure  broadening  on  the 
measured  intensities.  The  broadening  gas  pressure  should  be  sufficiently 
large  to  broaden  the  sample  absorption  line  half-widths  to  a much  larger 
value  than  the  resolution  of  the  spectrometer.  This  condition  is  met 
when  the  apparent  integrated  area  of  an  absorption  band  becomes  constant 
with  respect  to  increasing  broadening  gas  pressure.  A curve  of  the 
apparent  intensity  of  the  C-0  stretching  vibration  of  methanol  as  a 
function  of  broadening  gas  pressure  is  shown  in  Fig.  2-2.  The  spectra 
were  scanned  with  the  Perkin-Elmer  Model  E-14  spectrometer;  the  spectral 
slit  width  was  set  at  0.6  cm  \ While  the  magnitudes  of  the  data 
points  suggest  a slight  increase  in  integrated  area  as  the  pressure  of 
nitrogen  is  increased,  the  error  limits  prevent  such  a definite  con- 
clusion. We  decided  that  approximately  1.13  MPa  (11.2  atm)  total 
pressure  was  sufficient  at  0.6  cm  resolution  for  accurate  intensity 
measurements  of  the  C-0  stretching  region  of  methanol. 

Ideally,  the  procedure  represented  by  Fig.  2-2  should  be  repeated 
for  each  absorption  region;  practically,  this  is  a time-consuming  process, 
and  only  the  C-0  and  C-H  stretching  regions  of  methanol  were  checked 
for  sufficient  pressure  broadening.  As  the  C-0  stretching  region  of 
methanol  shows  the  most  resolvable  band  structure  under  moderate  (0.5  cm  "S 
and  also  high  (0.06  cm  'S  resolution  (See  Fig.  2-3(a)),  the  other  bands 
should  certainly  be  sufficiently  pressure  broadened  at  the  same  pressures 
of  nitrogen  gas  as  was  used  for  the  C-0  stretching  region  measurements. 
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Fig.  2-2.  The  integrated  area  of  the  C-0  stretching  region 
of  methanol  as  a function  of  total  pressure. 

The  pressure  of  methanol  was  held  constant  as 
the  pressure  of  nitrogen  was  varied.  Spectra 
were  measured  with  the  Perkin-Elmer  Model  3-14 
spectrometer . 


Fig.  2-3.  The  effect  of  pressure  broadening  on  the  appearance  of  the 
C-0  stretching  region  of  the  infrared  spectrum  of  methanol, 
(a) . The  C-0  stretching  region  of  methanol  is  shown  recorded 
at  0.5  cm-1  resolution  with  no  pressurizing  gas  added.  The 
spectrum  for  one  of  the  rotational  lines  scanned  at  0.06  cm 
resolution  is  also  shown.  (b) . The  spectrum  of  the  same 
region  of  methanol  is  shown  scanned  at  0.06cm--*-  resolution 
with  1.13  MPa  of  nitrogen  added.  Spectra  were  recorded  with 
the  Nicolet  Model  7199  FT-IR. 
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The  spectra  shown  in  Fig.  2-3  were  all  measured  with  the  Nicolet 
Model  7199  FT-IR,  and  we  present  in  Fig.  2-3 (b)  the  resulting  band 
shape  at  0.06  cm  ^ resolution  when  1.13  MPa  of  nitrogen  is  added. 

Fig.  2-3  dramatically  shows  the  effects  of  pressure  broadening. 

The  total  pressure  of  broadening  gas  necessary  for  the  measurements 
of  the  absolute  intensities  for  all  the  spectral  regions  of  methanol 
was  chosen  to  be  1.13  MPa. 

Measurements  of  the  integrated  band  intensities  for  methanol 

were  made  by  first  determining  the  I curve.  The  evacuated  cell  was 

o 

filled  with  1.13  MPa  of  prepurified  nitrogen,  and  the  spectral  region 
of  interest  was  scanned.  The  cell  was  next  re-evacuated  and  methanol 
vapor  admitted.  The  total  cell  pressure  was  increased  to  1.13  MPa  by 
the  addition  of  nitrogen,  and  the  spectrum  was  again  recorded  to 
provide  the  I curve.  Mixing  of  the  methanol  vapor  and  nitrogen  was 
aided  by  the  fact  that  the  cell  inlet  valve  was  mounted  tangentially 
to  the  cell  cavity.  Furthermore,  spectra  were  not  scanned  until  thirty 
minutes  had  elapsed.  Throughout  this  whole  procedure  of  baseline  and 
sample  scanning,  the  cell  was  left  undisturbed  in  the  sample  compart- 
ment of  the  spectrometer;  this  was  made  possible  by  fastening  the 
cell  inside  the  spectrometer  and  then  connecting  the  cell  with  copper 
tubing  to  both  the  vacuum  and  high  pressure  lines. 

We  have  measured  absolute  intensities  for  the  0-H  stretching  region. 
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bromide  windows  used  for  these  intensity  measurements;  consequently, 
we  have  not  measured  the  absolute  intensity  for  this  region. 

Absolute  Band  Intensities  for  Methanol 

Beer's  law  plots  of  the  integrated  areas  for  the  four  spectral 
regions  we  measured  for  methanol  are  shown  in  Fig.  2-4.  Table  2-1 
shows  the  absolute  intensities  we  calculated  from  the  Beer's  law  plots 
for  the  four  absorption  regions. 

Table  2-1  also  presents  a comparison  of  the  absolute  intensities 
we  determined  for  the  spectral  regions  of  methanol  with  literature 
values  reported  by  various  workers  (18,  29-31) . The  comparison  of  our 
results  with  those  reported  by  Zemlyanukhina,  Sverdlov,  and  Finkel  (18) 
is  fairly  good  with  the  possible  exceptions  of  the  total  intensities 
for  the  C-H  and  C-0  stretching  regions.  The  measurements  reported  by 
Zemlyanukhina  et  al.  (18)  were  made  using  only  0.1  MPa  pressure  of 
nitrogen  for  pressure  broadening;  we  found  that  under  such  conditions 
the  rotational  structure  of  the  C-0  stretching  mode  is  not  completely 
coalesced.  This  rotational  structure  is  smoothed  at  the  1.3  MPa  pres- 
sure used  here  (Fig.  2-3) . 

We  have  obtained  "best  estimates"  of  the  total  band  intensities 
for  the  spectral  regions  of  the  infrared  spectrum  of  methanol  as  follows. 
For  the  O-H  stretching  region,  the  value  determined  here  (22  + 3 km  mol  ) 
is  the  same  as  that  reported  by  Zemlyanukhina  et  al.  (18)  . The  value 
measured  here  also  agrees  quite  nicely  with  the  value  of  21  + 5 km  mol 
reported  by  Broun  (29) . The  value  of  9.8  + 5 km  mol  reported  by 
Inskeep,  Kelliher,  McMahon,  and  Somers  (30)  for  the  0-H  stretching 
absolute  intensity  appears  to  be  incorrect.  The  probable  cause  of  such 
a low  value  for  the  absolute  intensity  is  the  low  spectral  resolution 


Fig.  2-4. 


Beer's  law  plots  for  the  spectral  regions  of  the  infrared 
spectrum  of  methanol. 


(a)  The  0-H  stretching  region,  integrated  from  3850  cm 
to  3571  cm-'*'. 

(b)  The  C-H  stretching  region,  integrated  from  3175  cm 
to  2650  cm-'*'. 


-1 

-1 


(c)  The  C-H  and  0-H  bending  region,  integrated  from 
1600  cm"*-  to  1172  cm--*-. 

(d)  The  C-0  stretching  region,  integrated  from  1130  cm 
to  930  cm-'*'. 


The  least  squares  line  fit  to  the  data  for  each  of  the 
regions  is  indicated. 
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EXPERIMENTAL  GAS-PHASE  ABSOLUTE  BAND  INTENSITIES  FOR  METHANOL 

(units  are  km  mol~l) 
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(5  cm  ) used  by  Inskeep  et  al.  (30) . Based  on  all  the  values  avail- 
able for  the  absolute  intensity  of  the  O-H  stretching  region  except  the 
value  reported  by  Inskeep  et  al.  (30),  we  estimate  the  absolute  intensity 
to  be  22  + 1 km  mol  \ 

The  absolute  intensity  of  138  + 8 km  mol  ^ for  the  C-H  stretching 
region  is  substantially  higher  than  either  the  value  reported  by 
Zemlyanukhina  et  al.  (18)  or  Broun  (29)  (116  km  mol  1 and  109  + 15  km  mol  \ 

respectively) . We  shall  disregard  the  value  given  by  Broun  because  the 
intensity  was  measured  in  solution  and  then  scaled  to  produce  a gas 
phase  value.  (See  reference  29  for  details.)  We  have  simply  averaged 
the  total  intensity  reported  here  and  the  one  reported  by  Zemlyanukhina 
et  al.  (18)  to  obtain  a best  estimate  of  127  + 10  km  mol  ^ for  the 
absolute  intensity  of  the  C-H  stretching  region. 

Our  value  of  27.2  +_  1.8  km  mol  ^ for  the  absolute  intensity  of 
the  C-H  and  0-H  bending  region  is  in  reasonable  agreement  with  the 
value  (31  km  mol  'S  reported  by  Zemlyanukhina  et  al.  (18) . We  have 
arrived  at  a best  estimate  of  29  + 2 km  mol  ^ for  this  region  by  averaging 
the  two  values. 

For  the  C-0  stretching  region,  our  measured  value  of  92  + 5 km  mol 
for  the  absolute  intensity  is  in  fair  agreement  with  the  value  (109  km 
mol  "S  reported  by  Zemlyanukhina  et  al.  (18),  but  quite  lower  than  the 
value  of  125  + 5 km  mol  reported  by  Margottin-Maclou  and  Henry  (31)  . 

We  have  assumed  our  value  and  the  value  reported  by  Zemlyanukhina  et  al. 
to  be  more  accurate  and  have  averaged  these  two  values  to  arrive  at  a 
best  estimate  of  100  +_  10  km  mol  for  the  absolute  intensity. 

Finally,  the  only  available  datum  for  the  absolute  intensity  of 
the  0-H  torsional  region  (about  270  cm  "S  is  that  reported  by 
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Zemlyanukhina  et  al.  (18),  so  the  value  of  56  km  mol  1 they  report 

is  assumed  to  be  correct.  We  were  not  able  to  measure  the  absolute 

intensity  of  this  region  because  it  lies  outside  the  accessible 

frequency  range  of  the  potassium  bromide  cell  windows. 

Estimation  of  Absolute  Intensities  for  the  Normal  Vibrational  Modes 
of  Methanol 

In  anticipation  of  deriving  atomic  polar  tensors  for  methanol 

(Chapter  4)  from  the  experimental  intensity  data,  we  shall  discuss 

the  division  of  the  total  intensity  for  each  of  the  spectral  regions 

among  the  normal  modes.  Accomplishing  this  separation  from  a purely 

experimental  point  of  view  is  virtually  impossible  due  to  overlapping 

normal  modes;  for  example,  five  normal  modes  (V  , V , V , V , and  V ) 

4 5 6 10  11 

occur  in  the  C-H  and  0-H  bending  region  (See  Fig.  2-1) . We  do  have 

available,  however,  the  calculated  intensity  separation  based  on 

electro-optical  parameters  (18)  and  also  a quantum  mechanical  intensity 

separation  reported  by  Serrallach,  Meyer,  and  Gtlnthard  (32).  The 

quantum  mechanical  calculation  (33)  of  the  relative  absolute  intensities 

for  the  vibrational  bands  of  methanol  was  an  al)  initio  self-consistent 

field  calculation  near  the  Hartree-Fock  limit  (34).  We  have  used  the 

results  of  these  two  calculations  (18,  32)  to  aid  in  the  estimation 

of  the  absolute  intensity  for  each  normal  mode  of  methanol. 

Absolute  intensities  for  two  of  the  vibrational  modes  of  methanol 

can  be  assigned  immediately.  Since  the  0-H  stretching  region  contains 

only  V , the  intensity  is  taken  directly  from  Table  2-1  as  22  + 1 km  mol_1. 

Only  one  normal  mode  (V  ) occurs  below  400  cm  1,  so  the  0-H  torsional 

mode  is  assumed  to  have  an  absolute  intensity  of  56  + 9 km  mol_1  as 

listed  in  Table  2-1.  The  absolute  intensities  estimated  for  V,  and  V,  . 

1 12 
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as  well  as  the  normal  modes  discussed  below,  are  collected  in 
Table  2-2.  The  intensity  distributions  calculated  by  Zemlyanukhina 
et  al.  (18)  and  by  Serrallach  et  al.  (32)  are  also  indicated  in 
Table  2-2. 

Best  estimates  for  the  absolute  intensities  of  the  three  normal 

modes  (V  , V , and  V ) in  the  C-H  stretching  region  are  more  difficult 
2 3 9 

to  make  because  the  three  modes  overlap.  The  absolute  intensity  for 

Vg,  which  is  experimentally  fairly  well  separated  except  for  the 

R-branch  from  the  other  two  stretching  modes,  is  taken  to  be  28  + 1 km 

mol  1 This  value  was  obtained  by  assuming  that  the  R-branch  of  the 

POR  structure  of  V_  was  of  the  same  intensity  distribution  as  the 

3 

P-branch  and  then  numerically  integrating  the  area  of  the  resulting 
band  shape.  This  procedure  was  followed  for  all  the  measurements  made 
on  the  C-H  stretching  region,  and  from  a Beer's  law  plot  of  the  results, 
the  absolute  intensity  of  was  calculated  to  be  28  + 1 km  mol 
The  estimate  for  the  absolute  intensity  of  is  the  average  of  the 
intensities  calculated  by  Zemlyanukhina  et  al.  (18)  and  Serrallach 
et  al.  (32).  The  absolute  intensity  for  Vg  is  then  given  by  the  con- 
dition that  the  total  intensity  for  the  C-H  stretching  region  is  127  km 
mol  ^ . We  chose  the  averaging  procedure  for  rather  than  for  vg 
because  the  two  sets  of  calculated  values  (Table  2-2)  are  in  closer 
agreement  for  than  for  Vg. 

The  C-H  and  0-H  bending  region  contains  five  overlapping  modes 

(V  , V , V , V , and  V ) . The  values  for  the  individual  absolute 
4 5 6 10  11 

intensities  of  all  the  normal  modes  in  this  region  except  the  O-H 
bending  mode  are  again  the  average  of  the  values  calculated  by 

Zemlyanukhina  et  al.  (18)  and  by  Serrallach  et  al.  (32)  . The  intensity 


TABLE  2-2 

EXPERIMENTAL  ABSOLUTE  INTENSITIES  FOR  THE  NORMAL  MODES  OF  METHANOL 

(units  are  km  mol-1) 
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for  V is  obtained  from  the  condition  that  the  total  absolute  in- 

D 

tensity  for  the  region  be  29  km  mol  . The  absolute  intensity  for 

V was  chosen  in  this  way  because  the  value  most  differs  in  the  two 
6 

calculations  (Table  2-2) . 

Two  normal  modes  (V  and  V ) occur  in  the  C-0  stretching  region 

of  methanol.  The  R-branch  of  the  very  intense  C-0  stretching 

vibration  (V  ) completely  overlaps  the  weak  parallel  twisting  vibration 

(V^)  of  the  methyl  group.  The  assignment  of  27%  of  the  total  intensity 

to  by  Zemlyanukhina  et  al.  (18)  seems  much  too  high  compared  to 

the  relative  intensities  observed  in  matrix  spectra  of  methanol  (32) . 

The  4%  contribution  by  to  the  total  intensity  as  calculated  by 

Serrallach  et  al.  (32)  is  therefore  assumed  to  be  correct.  On  this 

basis,  is  estimated  to  have  an  absolute  intensity  of  4 km  mol  \ 

while  V then  has  an  absolute  intensity  of  96  km  mol  \ 

8 

Ethanol 

Survey  Spectrum 

A survey  infrared  spectrum  of  ethanol  vapor  is  shown  in  Fig.  2-5. 

The  spectrum  was  measured  with  the  Nicolet  Model  7199  FT-IR.  The  0-H 

stretching  region  containing  is  centered  at  3660  cm  \ The  two  over- 

-1 

lapped  regions  near  3000  cm  are  due  to  the  methyl  and  methylene  hydrogen 
stretching  modes  (V  , V , V , V , and  V ).  Several  methyl  and  methy- 

4.  — ' i X “ X O 

lene  hydrogen  bending  modes  (V  , V , V , V , and  V ) absorb  near  1400  cm 

D o / 8 lfc> 

The  COH  bending  mode  Vg  absorbs  at  1241  cm  overlapped  by  Vg  is  a weak 

methylene  twisting  mode  (V^)  • The  C-0  stretching  mode  (V^)  absorbs  at 

1061  cm  1;  two  twisting  motions  of  C-H  (V  and  V ) also  occur  in  this 

11  18 

region  and  are  obscured  by  the  C-0  stretching  mode.  The  feature  at  883cm 
is  the  C-C  stretching  mode  t^ie  wea^  absorption  feature  at 
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801  cm  is  another  methylene  twisting  mode  (V  ) • The  absorption 
band  superimposed  on  the  large  amplitude  noise  at  422  cm  1 is  the 
CCO  bending  mode  (V  ) . Both  the  methyl  and  hydroxyl  torsional 
modes  (V  an<^  V2l'  resPect^vely^  absorb  at  224  cm  1 and  so  they 
lie  outside  the  infrared-transparent  region  spanned  by  the  potassium 
bromide  cell  windows.  Finally,  excess  atmospheric  water  in  the  sample 
scan  compared  to  the  empty  cell  scan  gives  rise  to  absorptions  by 
water  around  3800  cm  ^ and  1600  cm  "'"and  also  around  400  cm 
Experimental  Conditions 

The  absolute  intensities  of  the  vibrational  modes  of  ethanol 
(U.  S.  Industrial  Chemicals,  absolute)  were  measured  using  both  the 
3.28  cm  brass  cell  described  earlier  and  glass  cells  (10  cm  and  25  cm) 
fitted  with  5 mm  thick  potassium  bromide  windows.  Sample  pressures 
of  ethanol  (vapor  pressure  at  25°C  = 7.29  kPa  (28))  ranged  from 
1.3  kPa  up  to  4.0  kPa;  the  pressures  were  measured  with  the  MKS  Baratron. 
The  pressure  readings  measured  with  the  MKS  baratron  were  always  checked 
against  the  open-ended  mercury  manometer  to  ensure  that  consistent 
readings  were  being  measured.  Several  measurements  of  the  absolute 
intensities  for  ethanol  were  made  using  1.13  MPa  of  prepurified 
nitrogen  (Airco)  for  pressure  broadening,  while  other  data  were  measured 
using  only  0.1  MPa  of  nitrogen. 

Spectra  for  samples  at  1.13  MPa  total  pressure  in  the  3.28  cm 
brass  cell  were  scanned  at  0.5  cm  resolution.  However,  the  low  vapor 
pressure  (7.29  kPa)  of  ethanol  severely  curtailed  the  accessible  range 
of  sample  pressures.  We  found  it  necessary  to  use  longer  cells  to  give 
more  intense  absorption  bands  and  still  be  able  to  use  sample  pressures 
below  the  vapor  pressure  of  ethanol.  The  22.7  cm  brass  cell  would  not 
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fit  inside  the  sample  compartment  of  the  Nicolet  Model  7199  FT-IR, 
so  we  used  glass  cells  of  10  cm  and  25  cm  pathlength.  Samples 
contained  in  the  glass  cells  could  be  pressurized  to  only  0.1  MPa,  so 
for  these  samples,  the  resolution  was  increased  to  0.24  cm  ^ . 

Spectra  were  recorded  on  the  Nicolet  Model  7199  FT-IR.  One 

hundred  interferograms  were  averaged  for  each  I and  I curve.  One 

o 

level  of  zero  filling  (35,  36)  was  used,  and  the  interferograms  were 
Fourier  transformed  using  a triangular  apodization  function.  Tri- 
angular apodization  was  chosen  as  it  most  nearly  corresponds  to  a 
grating  spectrometer  slit  function  (37) . After  the  1^  and  I curves 
had  been  scanned  and  the  computer  had  transformed  the  interferograms , 
the  infrared  spectrum,  linear  in  percent  transmittance,  was  calculated 
by  the  computer.  This  spectrum  was  then  converted  by  the  computer 
to  a spectrum  linear  in  absorbance.  General  considerations  for  intensity 
measurements  with  Fourier  Transform  spectrometers  have  been  further 
discussed  by  Scanlon,  Laux,  and  Overend  (37) . 

One  spectrum  of  ethanol  pressurized  by  nitrogen  to  0.1  MPa  was 
scanned  at  0.06  cm  ^ resolution  to  check  that  0.24  cm  ^ resolution  at 
0.1  MPa  total  pressure  was  sufficient  to  reproduce  accurately  the 
contours  of  the  fundamental  absorption  bands.  Several  samples  were 
scanned  at  0.5  cm  ^ resolution  and  with  1.13  MPa  total  pressure  (brass 
cell!)  to  check  that  0.1  MPa  total  pressure  was  sufficient  for  accurate 
band  intensity  measurements. 

Water  interferences  in  the  ethanol  O-H  stretching  region  and  the 
C-H  bending  region  were  removed  by  computer  absorbance  subtraction  of 
a water  absorbance  spectrum  from  an  ethanol  absorbance  spectrum.  This 
was  done  by  displaying  both  the  water  and  ethanol  absorbance  spectra 
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simultaneously  on  the  display  screen  of  the  Nicolet  Model  7199  FT-IR. 
The  water  absorbance  spectrum  was  then  multiplied  by  various  factors 
until  the  difference  spectrum  (ethanol-water)  showed  no  water  lines. 

The  difference  spectrum  was  then  integrated  over  the  spectral  regions 
of  interest.  Anderson  and  Griffiths  (38)  have  suggested  that  such 
subtraction  procedures  may  have  certain  errors  associated  with  them. 
Consequently,  we  reintegrated  the  C-H  stretching  region  after  the 
absorbance  subtraction  for  several  samples.  The  average  deviation 
in  the  C-H  stretching  region  was  found  to  be  less  than  + 1%  relative 
to  the  results  obtained  from  the  spectra  still  containing  water. 

Finally,  we  define  the  limits  of  numerical  integration  we  used 
for  the  absorption  regions  of  ethanol.  The  0-H  stretching  region 
was  integrated  between  the  limits  of  3740  cm  1 and  3580  cm  \ the 

C-H  stretching  region  was  integrated  between  3080  cm  1 and  2600  cm  1 , 

the  C-H  bending  region  was  integrated  between  1600  cm  1 and  1318  cm  \ 
the  0-H  bending  region  was  integrated  between  1318  cm  1 and  1168  cm  ^ , 
the  C-0  stretching  region  was  integrated  between  1168  cm  ^ and  952  cm  ^ , 
and  finally  the  C-C  stretching  region  was  integrated  between  952  cm  ^ 
and  825  cm 

Absolute  Band  Intensities  for  Ethanol 

Beer's  law  plots  for  the  intensities  of  the  infrared  bands  of 
ethanol  are  shown  in  Figs.  2-6  and  2-7.  The  absolute  intensities,  as 

well  as  2a  error  limits  of  the  least  squares  lines  through  the  data, 

are  presented  in  Table  2-3.  As  we  pointed  out  in  the  discussion  of 
the  survey  infrared  spectrum  of  ethanol,  the  normal  modes  V.^,  v2o' 
and  V fall  outside  the  range  of  the  potassium  bromide  windows  and 


hence  were  not  measured  here. 


Fig.  2-6.  Beer's  law  plots  for  the  spectral  regions  of  the  infrared 
spectrum  of  ethanol  involving  no  ambiguity  in  choice  of 
baseline . 

(a)  The  0-H  stretching  region,  integrated  from  3740  cm 
to  3580  cm--*-. 

(b)  The  C-H  stretching  region,  integrated  from  3080  cm 
to  2600  cm-*-. 

(c)  The  C-H  bending  region,  integrated  from  1600  cm  to 
1318  cm-*. 

The  least  squares  line  fit  to  the  data  for  each  of  the 
regions  is  indicated. 
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(a)  (b) 


(c) 


Fig.  2-7.  Beer's  law  plots  for  the  spectral  regions  of  the  infrared 
spectrum  of  ethanol  involving  an  ambiguity  in  the  choice 
of  baseline. 

(a)  The  0-H  bending  region,  integrated  from  1318  cm  to 

1168  cm'-^ . _■]_ 

(b)  The  C-0  stretching  region,  integrated  from  1168  cm 
to  952  cm'-1-. 

(c)  The  C-C  stretching  region,  integrated  from  952  cm 
to  825  cm  ^ . 

The  least  squares  line  fit  to  the  data  for  each  of  the 
regions  is  indicated.  The  points  encircled  ( 0 ) and  the 
solid  lines  indicate  data  analyzed  with  respect  to  a base- 
line drawn  from  1600  cm-1  to  700  cm-1.  The  points  enclosed 
by  a triangle  (A)  and  the  dashed  lines  indicate  data 
analyzed  with  respect  to  baselines  drawn  to  connect  the  two 
minima  for  each  band. 


ACHcm'')  ..  ACMcm-') 
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TABLE  2-3 

ABSOLUTE  INTENSITIES  FOR  ETHANOL 
(units  are  km  mol--*-) 


Mode 


a 


Absolute  Intensity 

This  Work  Zemlyanukhina  et  al. (18) 


V (OH)  V ( 3660) 


16.4+0.6 


17 


rV14  (2987) 
V2  (2971) 

1 

* 

> 72 

1 

J 

r 

CO 

r^ 



V (CH) 

(Vl5(2930) 
V3  (2901) 

1 

> 87 

> 159+6 

> 72 

V>4  (2890) 

> 

- 

) 

'v5  (1482) 

V (1450) 
6 

A 

1 

> 12 

6 (CH)< 

v (1451) 
16 

> 37+2 

> 

V?  (1393) 
VQ  (1393) 

> 

1 

36 

6 (OH) 

V (1241) 

1 26.4+1.4 

9 

> 

6 (CH) 

V17(1241)  j 

| 17.5+1 

6 (CH) 

V ( 1098)  A 

b 

18 

i 109+5 

V(CO) 

(1061) 

^ „ .c 

10 

102+4 

6 (CH) 

Vi;l(1027) 

1 

1 

l 12. 1+0. 6] 

V(CC) 

V12(883) 

1 10. 2+0. 6' 

6(ch) 

V (801) 

1.1+0.04 

19 

6 (CCO)V13(422  ) 

d 

30 


1 


113 


} 


16 


1.2 


7.2 


continued 
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TABLE  2-3-continued 

T(CH)  V20(224)  -d 
T(°H)  V (224) 


} 
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Assignments  and  frequencies  from  reference  (18) . See  footnote 
(a)  in  TABLE  2-2  for  explanation  of  symbols. 

^Integration  baseline  drawn  from  1600  cm  4 to  700  cm  \ 
c 

Integration  baseline  drawn  between  band  minima, 
d 

Not  measured 


We  have  also  indicated  in  Table  2-3  an  approximate  separation 


of  the  two  overlapping  bands  in  the  C-H  stretching  region.  This 
separation  was  made  by  using  the  Curve  Analysis  Program  (CAP) 
supplied  by  Nicolet  Instrument  Corp.  as  part  of  the  FT-IR  software 
package  (39) . CAP  allows  the  user  to  fit  up  to  26  functions  to  an 
infrared  spectrum;  the  functions  may  be  Gaussian,  Lorentzian,  or 
a fixed  percentage  of  each.  The  half-width,  maximum  intensity, 
and  position  of  each  function  are  continuously  variable  and  under 
user  control.  When  the  best  visual  fit  to  the  spectral  region  is 
obtained,  the  computer  can  be  instructed  to  print  out  the  relative 
areas  of  each  of  the  fitted  functions.  The  estimated  intensity 
distribution  obtained  by  fitting  two  Gaussian  functions  to  the  C-H 
stretching  region  indicates  that  the  higher  frequency  set  of  bands 
( and  V ) contribute  about  45%  to  the  total  intensity  of  the 
C-H  stretching  region  of  the  infrared  spectrum  of  ethanol. 

The  absolute  intensity  measurements  in  the  region  from  1600  cm 
to  700  cm  ^ present  a problem  since  the  twelve  fundamental  modes 
appearing  in  this  region  overlap  to  some  extent.  Examination  of  the 
infrared  spectrum  (Fig.  2-5)  shows  that  the  most  intense  band  in  this 

region  is  the  one  near  1060  cm  1 due  to  V , V , and  V where  V . 

JLo  10  11  10 

(the  C-0  stretch)  is  expected  to  dominate  in  intensity.  We  can  see 
that  the  absorbance  on  the  low  frequency  side  of  this  band  drops  to 
a lower  absorbance  value  than  does  the  high  frequency  side.  In 
fact,  the  general  trend  is  that  each  band  in  the  1600  cm  to  700  cm 
region  has  a higher  absorbance  value  on  the  high  frequency  side. 

This  phenomenon  causes  problems  in  the  choice  of  a suitable  baseline 
for  this  region  since  the  extent  of  overlap  of  the  bands  is  unknown. 
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Consequently,  we  have  determined  two  intensities  for  bands  in  this 
region  differing  only  in  baseline  choice.  In  one  case,  a baseline 
was  drawn  from  1600  cm  ^ to  700  cm  band  intensities  relative  to 
that  baseline  were  then  determined  between  the  limits  of  integration. 

This  procedure  would  be  expected  to  place  an  upper  limit  on  the 
true  absolute  band  intensity.  A second  choice  was  to  draw  a baseline 
that  connected  at  the  limits  of  integration  the  two  minima  of  each 
absorption  band  region.  This  procedure  should  then  give  a lower 
bound  to  the  true  absolute  band  intensity.  The  actual  estimation  of 
the  absolute  band  intensity  was  taken  to  be  the  average  of  the  two 
values.  We  can  see  from  Fig.  2-7  that  either  choice  of  baseline  gives 
a satisfactorily  linear  plot  obeying  Beer's  law  with  only  minor  scatter 
about  the  least  squares  line. 

The  integrated  area  of  the  very  weak  fundamental  mode  at  801  cm 
(Vig)  was  estimated  by  assuming  a triangular  band  shape  centered  at 
801  cm  \ The  absolute  intensity  was  then  calculated  from  the  in- 
tegrated area  for  each  of  the  three  largest  Ci  values  and  averaged. 

The  result  was  an  absolute  intensity  estimated  to  be  1.06  km  mol 
with  a standard  deviation  of  0.02  km  mol 

Our  results  may  be  compared  with  those  of  Zemlyanukhina,  Sverdlov, 
and  Finkel  (18) . We  see  in  Table  2-3  that  with  the  exceptions  of 
the  0-H  and  C-H  stretching  regions  we  have  determined  absolute  intensities 
that  are  systematically  lower  than  the  absolute  intensities  reported 
by  Zemlyanukhina  et  al . (18).  Since  the  regions  for  which  the  dis- 

crepancies in  the  absolute  intensities  occur  are  in  the  1600  - 700  cm 
region,  we  suspect  that  part  of  the  disagreement  is  due  to  the  ambiguity 
in  the  choice  of  a baseline  absorbance  in  this  region.  We  note  in 
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particular  that  our  higher  value  for  the  absolute  intensity  of  the 
C-0  stretching  region  is  in  excellent  agreement  with  the  value 
reported  by  Zemlyanukhina  et  al.  (18).  Furthermore,  our  higher 
value  for  the  absolute  intensity  of  the  0-H  bending  region  is  in 
reasonable  agreement.  On  the  other  hand,  our  value  for  the  absolute 
intensity  of  the  CH3  and  CH2  bending  region  (1600-1318  cm"1)  seems 
definitely  lower  than  the  value  reported  by  Zemlyanukhina  et  al.  (18). 
This  region  shows  strong  water  absorption  lines  which  may  effect  the 
intensity  measurements.  As  we  discussed  earlier,  we  subtracted  by 
computer  the  water  absorption  lines  in  this  region  from  the  ethanol 
absorbance  spectra. 

As  the  absolute  band  intensities  of  the  vibrational  bands  of 
ethanol  were  measured  under  0.1  MPa  total  pressure,  the  possibility 
of  insufficient  pressure  broadening  exists.  This  possibility  was 
investigated  in  two  ways;  first,  a spectrum  of  one  of  the  samples 
pressurized  to  0.1  MPa  was  recorded  at  0.06  cm”1  resolution  rather 
than  0.24  cm  ^ resolution.  A noticeable  increase  in  the  absolute 
intensities  for  the  spectral  regions  of  ethanol  would  be  expected  for 
the  spectrum  at  0.06  cm  ^ resolution  compared  to  the  spectrum  taken 
at  0.24  cm  resolution  if  0.1  MPa  were  insufficient  total  pressure. 
The  apparent  intensity  for  each  of  the  absorption  bands  would  in- 
crease because  any  very  narrow,  intense  absorption  lines  would  be 
better  measured  by  the  scan  at  0.06  cm  1 resolution.  Secondly,  five 
ethanol  spectra  were  recorded  at  0.5  cm  1 resolution  and  1.13  MPa 
total  pressure;  again,  higher  apparent  intensities  for  the  spectral 
regions  would  be  expected  for  the  samples  pressurized  to  1.13  MPa 
if  0.1  MPa  were  insufficient.  The  results  of  these  two  studies  for 


Fig.  2-8.  Beer's  law  plots  for  regions  of  the  infrared  spectrum  of 
ethanol  under  different  sample  conditions. 

(a)  The  C-H  stretching  region 

(b)  The  C-0  stretching  region 

(c)  The  C-C  stretching  region 

Here  data  for  the  circled  points  ( 0 ) were  measured  at 
0.24  cm--*-  resolution  with  0.1  MPa  of  nitrogen  added.  Data 
for  the  points  enclosed  in  triangles  (A)  were  measured 
at  0.5  cm-1  resolution  with  1.13  MPa  of  nitrogen  added. 

The  points  enclosed  by  a square  ( 0 ) were  measured  at 
0.06  cm--*-  resolution  with  0.1  MPa  of  nitrogen  added.  The 
solid  lines  are  the  least  squares  fits  to  the  circled 
points . 


A C Hem'1  ) ACjKcm 
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(a) 


(c) 
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three  of  the  absorption  regions  of  ethanol  are  shown  in  Fig.  2-8. 

In  each  of  these  regions,  both  the  0.06  cm  resolution  datum  and 
the  1.13  MPa  total  pressure  data  satisfactorily  fall  on  the  Beer's 
law  plots  for  those  regions.  We  conclude  that  the  samples  pressurized 
to  0.1  MPa  which  were  scanned  at  0.24  cm  resolution  are  suitable 
for  the  intensity  measurements. 

We  wish  to  digress  briefly  to  compare  the  absolute  intensities 
we  measured  for  methanol  and  ethanol  with  the  values  obtained  by  a 
completely  different  method.  Absorption  cross  sections  for  several 
liquid-phase  alcohols  have  been  calculated  from  the  infrared  reflec- 
tance spectra  of  the  alcohols  (40,  41).  From  these  measurements 
the  absorption  index  component  of  the  complex  index  of  refraction 
is  obtained.  This  absorption  index,  k(V)  is  related  to  the  Lambert 
absorption  coefficient,  a(V),  by  (40): 

k(v)  = (1/4ttv)cc  (v)  , a(v)  = log  (I  /I)  (2-4) 

e o 

Absolute  intensities  may  be  calculated  from  these  absorption 
indices,  so  we  may  compare  our  results  for  the  gas  phase  intensities 
of  methanol  and  ethanol  with  the  results  for  the  liquid  phase  in- 
tensities (41) . Such  a comparison  is  interesting  because  it  indicates 
the  magnitude  of  the  intensity  perturbations  due  to  intermolecular 
interactions  in  the  liquid  state.  Table  2-4  shows  such  a comparison. 
The  most  obvious  feature  in  Table  2-4  is  the  tremendous  intensity 
enhancement  of  the  0-H  stretching  mode  of  the  alcohols  in  the  liquid 
phase.  This  is  similar  to  the  intensity  enhancement  found  for  the 
0-H  stretch  of  the  water  dimer  compared  to  the  water  monomer  (42) . 

The  absolute  intensities  for  the  other  vibrational  modes  listed  in 
Table  2-4,  however,  show  remarkable  agreement  between  the  two  sets 
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TABLE  2-4 

COMPARISON  OF  ABSOLUTE  INTENSITIES  FOR  METHANOL  AND 
ETHANOL  MEASURED  HERE  AND  MEASURED  WITH 


LIGHT  REFRACTION  STUDIES 
(units  are  km  mol  ) 


Region 
O-H  Stretch 
C-H  Stretch 
C-0  Stretch 


Methanol 


Absolute  Intensity 

, a 
Gas  Phase 


Liquid 


b 


22+1 

127+10 

100+10 


505+76 

167+25 

105+16 


Region 
O-H  Stretch 
C-H  Stretch 
C-0  Stretch 


Ethanol 


Gas  Phase 
16 .4+0.6 
159+6 
106+4 


Absolute  Intensity 
c 


Liquid 

417+63 

173+26 

126+19 


aTaken  from  TABLE  2-1 

^Sethna  and  Williams  ( 41  ) . Note  that  A (km  mol  ) 
= (1/100)  4ttvo  (cm-1)  (1/C  (mol  dm-3)  J k(V)dV(cm-1) 

°Taken  from  TABLE  2-3 
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of  absolute  intensities.  That  one  set  of  data  is  for  the  gas  phase 
and  the  other  set  of  data  is  for  the  liquid  phase  makes  the  level  of 
agreement  between  the  two  sets  of  data  even  more  impressive. 

Dimethyl  Ether 

Survey  Spectrum 

Figure  2-9  presents  a survey  spectrum  of  dimethyl  ether  measured 

with  the  Nicolet  Model  7199  FT-IR.  The  C-H  stretching  region  of 

dimethyl  ether  occurs  around  3000  cm  1;  five  normal  modes  (v^,  , 

V . an<^  -J  are  present  in  this  region.  The  C-H  bending  modes 

o lb  1 / 

(V  , Vio'  an(3  absorb  around  1450  cm  A CH  rocking 

j 4 y io  iy  z 

mode  (V1Q)  and  a CH^  rocking  mode  (V  ) occur  near  1170  cm  ^ and 

strongly  overlap  another  CH3  rocking  mode  (V^)  at  1251  cm  \ The 

absorption  band  near  1100  cm  ^ is  the  antisymmetric  C-0  stretching 

mode  (V  ) . The  P-R  structure  at  920  cm  1 is  due  to  the  symmetric 

C-0  stretching  mode  (V  ) . The  COC  bending  mode  (V  ) at  425  cm  ^ 

b 7 

is  not  visible  above  the  noise  in  that  region  of  the  spectrum,  and 
the  out-of -phase  methyl  torsional  mode  (V  ) at  268  cm  ^ falls 
outside  the  range  of  the  potassium  bromide  cell  windows.  The 
vibrational  modes  of  a^  symmetry  are  infrared  inactive. 

Experimental  Conditions 

As  with  ethanol,  absolute  intensities  for  the  vibrational 
bands  of  dimethyl  ether  (Matheson)  were  measured  using  the  Nicolet 
Model  7199  FT-IR.  Sample  pressures  were  in  the  range  of  1.3  kPa 
up  to  8.0  kPa  (vapor  pressure  at  25°C  = 0.6  MPa  (28))  and  were 
measured  with  the  MKS  baratron.  All  intensity  measurements  were  made 
at  1.48  MPa  total  pressure  in  the  3.28  cm  brass  cell.  The  broadening 
gas  was  prepurified  nitrogen  (Airco) . Resolution  was  set  for 
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0.5  cm  with  one  level  of  zero  filling.  Triangular  apodization  was 

used  in  transforming  the  100  scans  collected  of  each  I and  I.  Cell 

o 

handling  procedures  were  the  same  as  with  ethanol . 

We  have  determined  absolute  intensities  for  four  of  the  infrared 

absorption  regions  of  dimethyl  ether.  The  C-H  stretching  region 

was  integrated  between  3400  cm  1 and  2470  cm  1 , the  C-H  bending 

region  was  integrated  between  1563  cm  1 and  1353  cm  1,  and  the 

symmetric  C-0  stretching  region  was  integrated  between  1025  cm  1 and 

810  cm  \ The  C-H  rocking  region  and  the  antisymmetric  C-0  stretching 

region  overlap  (see  Fig.  2-9) , so  we  carried  out  the  integration  over 

both  regions;  the  limits  of  integration  were  1320  cm  ^ to  1025  cm  . 

We  shall  consider  in  the  next  section  how  the  absolute  intensities 

for  the  C-H  rocking  band  and  the  antisymmetric  C-0  stretching  band 

may  be  obtained  from  the  total  absolute  intensity  for  both  bands. 

Absolute  Band  Intensities  for  Dimethyl  Ether 

Beer's  law  plots  for  the  intensities  of  the  infrared  bands  of 

dimethyl  ether  are  shown  in  Fig.  2-10.  The  absolute  intensities 

calculated  from  the  slope  of  the  least  squares  line  (27)  fit  to 

these  plots  are  given  in  Table  2-5.  Error  limits  quoted  are  the 

2a  scatter  limits  about  the  least  squares  lines.  The  two  modes 

V_,  (425  cm  "S  and  V (268  cm  "S  fall  outside  the  accessible  range 

of  the  potassium  bromide  windows. 

Approximate  separations  of  the  C-H  stretching  modes  (V^,  , 

V , V . and  V.,  _)  are  indicated  in  Table  2-5.  The  separation  of  these 
8 16  17 

modes,  as  well  as  the  separation  of  the  modes  in  the  1320  cm  to 
1025  cm  ^ region  (V  , V , V , and  V ),  was  done  by  fitting  Gaussian 

o X v \ J 2.  _L 

curves  to  the  structures  of  the  overlapped  bands  and  calculating 
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Fig.  2-10.  Beer's  law  plots  for  the  spectral  regions  of  the  infrared 

spectrum  of  dimethyl  ether. 

(a)  The  C-H  stretching  region,  integrated  from  3400  cm-1  to 
2470  cm 

(b)  The  C-H  bending  region,  integrated  from  1563  cm  ^ to 
1353  cm-1. 

(c)  The  C-H  rocking  region  and  the  antisymmetric  C-0  stretching 
region,  integrated  from  1320  cm~l  to  1025  cm-1. 

(d)  The  symmetric  C-O  stretching  region,  integrated  from  1025 
cm  1 to  810  cm-1. 

The  least  squares  line  fit  to  the  data  for  each  region  is  in- 
dicated . 
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TABLE  2-5 

ABSOLUTE  INTENSITIES  FOR  DIMETHYL  ETHER 
(units  are  km  mol~l) 


Mode  (cm  d)S 


V (CH ) 


This  Work 


Blom  et  al. 


f V,  (2992) 

1 

> 47 

V,,  (2987) 
lb 

J 

V (2934) 

164 

) 294+6° 

> 

12 

— 

V (2817) 

l o. 

2 

> 82 

V _ (2826) 
V.  I / 

1 

- 

> 253 


6 (CH) 


f V3  (1487) 
Vi3(1464) 
V (1469) 

lo 

Vig(1450) 

V„  (1434) 

k 4 


> 25.6+0.6 


> 22 


V5  (1251) 


6 (CH) < 

^20 (1166) 

v V (1179) 
v 14 

} 1041 

> 155+6° 

)■  88 

V (CO) 
a 

V (1095) 

48 

39 

V (CO) 
s 

(920) 

6 

34 .3+1.2 

26 

6 (coc) 

Vy  (425) 

d 

4 

X (CH  ) 

V15(268) 

d 

d 

Assignments  and  frequencies  from  reference  (84) . See  footnote  (a) 
in  TABLE  2-2  for  explanation  of  symbols. 

^Measured  by  Blom,  Oskam,  and  Altona  (43) . 

Approximate  band  separations  made  by  fitting  Gaussian  functions  to 
the  bands  using  the  Curve  Analysis  Program  (CAP)  (39) . 

dNot  measured 
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the  relative  intensities  from  the  relative  Gaussian  areas.  The  CAP 
program  (39)  was  used  to  do  this.  The  intensity  of  V was  estimated 
by  computing  its  area  under  the  assumption  that  the  low  frequency 
side  of  the  band  was  of  the  same  shape  as  the  high  frequency  side. 

Also  included  in  Table  2-5  are  the  absolute  intensities  measured 
by  Blom,  Oskam,  and  Altona  (43) . Our  values  are  seen  to  be  system- 
atically higher  than  those  reported  by  Blom  et  al . (43).  A possible 
explanation  for  this  discrepancy  could  be  pressure  broadening  effects. 
If  the  0.1  MPa  (one  atmosphere)  total  pressure  employed  by  Blom 
et  al.  (43)  were  not  enough  to  broaden  the  rotational  structure 
sufficiently  for  accurate  intensity  measurements,  then  we  would 
expect  to  see  an  apparent  increase  in  the  total  intensities  if  1.48  MPa 
(14.6  atmospheres)  total  pressure  were  used.  This  explanation  is 
perhaps  precluded,  though,  because  Blom  et  al.  (43)  reported  almost 
no  pressure  dependence  of  the  intensities  over  the  range  of  1 kPa 
to  0.1  MPa  (zero  pressurizing  gas  pressure  up  to  one  atmosphere  of 


pressurizing  gas) . 


CHAPTER  3 

ATOMIC  POLAR  TENSORS 

Before  discussing  the  analysis  of  infrared  intensity  data  in 
terms  of  atomic  polar  tensors  (APT's),  we  shall  first  briefly 
describe  the  procedure  for  determining  the  normal  coordinates  for 
a vibrating  molecule;  we  shall  then  consider  how  the  APT's  may  be 
derived  from  infrared  intensity  data. 

Normal  Coordinate  Analysis 

The  normal  coordinate  analysis  of  a polyatomic  molecule  is 
a rather  involved  subject  which  has  been  discussed  elsewhere  (3,  44, 
45)  in  great  detail,  so  here  only  the  general  procedure  will  be 
discussed.  The  absolute  intensity  of  a normal  vibrational  mode  of 
a molecule  is  proportional  to  the  square  of  the  molecular  dipole 
moment  change  with  respect  to  the  normal  coordinate;  the  form  of  the 
normal  coordinates  for  the  molecule  must  thus  be  known  to  analyze 
infrared  intensity  data.  The  usefulness  of  the  normal  coordinates 
is  that  the  Schrodinger  equation  for  a set  of  harmonic  oscillators 
(the  fundamental  vibrations  of  the  molecule)  is  separable  in  terms 
of  these  normal  coordinates  (2) . 

Displacement  Coordinate  Spaces 

The  molecular  vibration  represented  by  a particular  normal 
coordinate  may  be  considered  as  an  appropriate  linear  combination  of 
simple  internal  coordinates,  where  these  internal  coordinates  are 
bond  stretches,  valence  angle  bends,  or  torsional  motions  about 


59 


60 


chemical  bonds  (46) . Other  types  of  internal  coordinates  may 
also  be  defined  (3,  45).  In  practice,  one  normally  makes  use  of 
the  molecular  symmetry  by  constructing  symmetry  coordinates  (47) 
from  the  internal  coordinates.  This  leads  to  block  factorization 
of  the  secular  equation,  as  will  be  discussed  later.  We  now  con- 
sider the  relationships  between  various  displacement  coordinate 
spaces . 

There  are  3N  degrees  of  freedom  for  an  N-atomic  nonlinear  mole- 
cule. Of  these  3N  degrees  of  freedom,  three  will  be  translations 
and  three  will  be  rotations  of  the  molecule  as  a whole.  Thus, 
(3N-6)  vibrational  degrees  of  freedom  for  a nonlinear  molecule 
remain;  these  vibrations  are  represented  by  the  (3N-6)  normal  co- 
ordinates Q_.  . Each  symmetry  coordinate  (S^)  will  be,  in  general, 
involved  in  each  of  the  normal  coordinate  motions  so  that  S . is 

l 

a function  of  all  the  Q.  (3,  44): 

3 

S.  = T.  (3s./3q.)q.  , 
j 1 3 3 


i = 1,  2, (3N-6) 

Eq.  (3-1)  may  be  rewritten  in  matrix  notation  to  give 
S = L Q 


(3-1) 


(3-2) 


where  S and  Q are  (3N-6)  dimensional  column  vectors  of  the  symmetry 

coordinate  and  normal  coordinate  displacements,  respectively.  Here 

L is  a (3N-6)  x (3N-6)  matrix  with  element  defined  to  be 

(3S./90.).  We  shall  discuss  below  how  L is  obtained;  for  now, 

I D - 

1 

we  meerly  note  that  the  inverse  transformation  is  given  by 

-1 

Q = L S 


(3-3) 
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The  coordinates  S_^  are  symmetry  adapted  linear  combinations 

(47)  of  the  internal  coordinates  R,  ; the  transformation  between 

k 

the  two  coordinate  spaces  is: 

S_  = U R (3-4) 

The  R matrix  in  Eq.  (3-4)  is  a (3N-6)  column  vector  of  the  changes 
in  the  internal  coordinates  R^.  The  U matrix  is  the  matrix  of  the 
coefficients  multiplying  each  internal  coordinate  to  form  the 
symmetry  coordinates  (see  reference  47) . The  construction  of 
symmetry  coordinates  for  a molecule  may  actually  require  the  intro- 
duction of  more  internal  coordinates  than  would  be  necessary  to 
specify  the  (3N-6)  vibrational  degrees  of  freedom.  These  redundant 
coordinates  have  zero  vibrational  frequency,  and  the  removal  of  the 
redundancies  in  the  normal  coordinate  problem  has  been  discussed  by 
Wilson,  Decius,  and  Cross  (3). 

The  reverse  transformation  of  Eq.  (3-4)  is  then 

R = U_1  S = U'  S_  (3-5) 

Here,  we  have  used  the  fact  that  U is  an  orthogonal  matrix  so  that 
its  inverse,  U \ is  equal  to  its  transpose,  U ' . To  summarize, 
vibrations  may  be  transformed  from  internal  coordinate  space  to 
normal  coordinate  space  by  the  use  of  Eq.  (3-4)  and  Eq.  (3-3) , 
provided  that  L is  known.  Conversely,  vibrations  in  normal  coordinate 
space  may  be  transformed  back  to  R using  Eq.  (3-2)  and  Eq.  (3-5). 

Normal  coordinate  analyses  are  performed  by  first  using  the 
equilibrium  molecular  geometry  to  locate  each  of  the  atoms  in  a 
space-fixed  cartesian  coordinate  system.  The  molecule  may  be  oriented 
in  any  convenient  way  in  this  coordinate  system,  but  usually  the 
space-fixed  cartesian  axes  are  chosen  to  coincide  with  the  molecular 
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principal  axes  of  inertia.  The  cartesian  coordinates  of  the  mth  atom 

are  then  x , y , and  z ; we  shall  denote  any  one  of  the  3N  space- 
m m m 

fixed  cartesian  coordinates  by  x..  The  internal  coordinate  R is 

i k 

then  related  to  the  cartesian  coordinates  by 
R^  = Z (9r^/9x^)x^, 

k = 1,2,  • • • ( 3N-6)  (3-6) 

where  x.  is  one  of  the  3N  cartesian  coordinates.  A column  vector 
x 

of  3N  rows  having  entries  xw  y, , z . x . •••  x.,  •*•  Z„  may  be 

1112  l N 

introduced  and  given  the  symbol  X.  The  matrix  equivalent  of  Eq.  (3-6) 
is  thus 

R = B X (3-7) 

where  B is  a (3N-6)  x (3N)  dimensional  matrix  with  a typical  element 
B ^ defined  as  (9r^/9x J . The  B matrix  is  a function  solely  of  the 
molecular  geometry,  and  formulas  for  determining  the  elements  of  B_ 
have  been  tabulated  (3,  45).  A matrix  A may  also  be  defined  which 
transforms  R back  to  X: 

X = A R (3-8) 

Here  A is  a (3N)  x (3N-6)  matrix  with  a typical  element  A^_.  defined 

as  ( 9x . /9r . ) . 
i 3 

We  must  carefully  consider  Eqs.  (3-7)  and  (3-8)  because  we 
specified  that  we  started  with  an  X matrix  expressed  in  a space-fixed 
cartesian  axis  system.  The  transformation  of  X into  R expressed  by 
Eq.  (3-7)  results  in  a set  of  (3N-6)  molecule-fixed  internal  coordinates. 
Consequently,  the  transformation  of  R back  into  X expressed  by 
Eq.  (3-8)  will  result  in  a set  of  (3N-6)  molecule  fixed  cartesian 
coordinates  rather  than  the  original  (3N)  space-fixed  cartesian 
coordinates.  The  form  of  Eq.  (3-8)  necessary  to  transform  the 
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internal  coordinates  back  to  the  original  space-fixed  axis  system 
becomes 


Here  the  six  elements  of  the  column  matrix  p_  (three  translations  and 
three  rotations)  are  given  by  the  six  Eckart  conditions  (p_  = _$  X) 
expressing  conservation  of  angular  and  linear  momenta  (3) . The 
expression  for  3 may  be  found  in  reference  13.  The  importance  of 
the  distinction  betewen  space-fixed  and  molecule-fixed  axis  systems 
will  become  clear  when  the  dipole  moment  derivatives  in  space-fixed 
and  molecule-fixed  coordinate  systems  are  discussed  later  in  this 
Chapter.  For  now,  it  is  sufficient  to  realize  that  vibrational 
coordinates  (R  or  X)  expressed  in  molecule-fixed  axes  will  normally 
also  involve  both  a displacement  of  the  molecular  center  of  mass 
and  a rotation  of  the  principal  axes  of  inertia  relative  to  a set 
of  space-fixed  axes.  The  normal  coordinates  and  hence  the  dipole 
moment  derivatives  with  respect  to  the  normal  coordinates  do  not 
involve  a center  of  mass  displacement  or  rotation  of  the  principal 
axes . 

Evaluation  of  the  Normal  Coordinates 

We  now  turn  our  attention  very  briefly  to  the  determination  of 
the  form  of  the  normal  coordinates  and  hence  the  form  of  L in 
Eq.  (3-2) . Molecular  vibrations  must  satisfy  the  condition  that 
the  total  energy  of  the  molecule  is  constant  (2) ; the  total  energy 
of  the  molecule  is  at  all  times  equal  to  the  sum  of  the  kinetic 


X 


(A  ; a) 


(3-9) 


Likewise,  the  form  of  Eq.  (3-7)  is  now 


(3-10) 
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energy  and  the  potential  energy.  The  kinetic  energy  (T)  of  the 
molecule  may  be  expressed  as  (3,  45) 


2 T = P ' G P (3-11) 

where  P is  the  conjugate  momentum  matrix  to  the  internal  coordinates 
(R)  and  G is  the  inverse  kinetic  energy  matrix.  The  G matrix  is 
given  by  (3) 

G = B M-1  B'  (3-12) 

where  B is  the  matrix  defined  by  Eq.  (3-7),  and  M 1 is  a diagonal 
matrix  of  the  reciprocals  of  the  atomic  masses.  The  G matrix  is  of 
dimension  (3N-6)  x (3N-6).  The  M ^ matrix  is  not  simply  the  reciprocal 
masses  of  the  N atoms  in  the  molecule,  but  rather  the  ith  reciprocal 
mass  entry  in  M is  for  the  atom  whose  motion  is  described  by  the 
ith  column  of  B_  (45)  . 

The  potential  energy  of  the  molecule  may  be  expressed  as  (3,  45) 

2 V = R F R'  (3-13) 

where  R is  the  column  vector  of  the  internal  coordinates  and  V is 

the  potential  energy  matrix.  The  F matrix  in  Eq.  (3-13)  is  a 

(3N-6)  x (3N-6)  matrix  of  the  force  constants  of  the  molecule. 

The  molecular  force  constants  are  the  forces  between  the  atoms  acting 

to  restore  the  equilibrium  configuration  upon  vibration.  A typical 

2 

element  F . . of  F is  defined  as  9 V/9r.9R.. 

13  - 13 

To  utilize  any  symmetry  the  molecule  possesses  we  may  symmetrize 
F and  G to  obtain  matrices  that  are  block  diagonal  in  form.  Thus, 
we  have  (3) 


F = U F U' 


(3-14a) 


and 


G = U G U 


(3-1 4b) 
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where  U_  has  been  previously  defined  in  Eq.  (3-4).  The  F and  G 
matrices  are  now  combined  to  give  the  secular  equation  which  is  to 
be  solved  for  the  normal  vibrational  frequencies  (3,  45) : 


G_  F_  L = L A (3-15) 

Here  L is  the  matrix  defined  in  Eq.  (3-2)  and  A is  a (3N-6)  diagonal 


matrix  of  the  frequency  parameters  A^  with 


, .2  2 2 
A = 4tt  V C 
n n 


(3-16) 


-1 


where  V is  the  wavenumber  in  cm  of  the  nth  normal  vibration, 
n — 


\G  F - A 1=0 
n — 


Eq.  (3-15)  may  be  solved  by  evaluating  the  determinant  (3,  45): 

(3-17) 

where  I is  a (3N-6)  diagonal  unit  matrix. 

The  units  we  have  used  in  the  normal  coordinate  analyses  are 
as  follows.  If  the  cartesian  coordinates  (the  X matrix)  of  the  atoms 

O O 

of  a molecule  are  expressed  in  A (1  A = 0.1  nm) , then  the  internal 

O 

coordinate  for  a bond  stretch  will  have  units  of  A and  the  internal 
coordinate  for  an  angle  change  will  be  unitless.  Thus,  the  j3  matrix 
element  for  a bond  stretch  will  be  dimensionless,  while  the  B element 


for  a bending  internal  coordinate  will  have  units  of  A 


We  have 


-27  -1 

used  atomic  mass  units  (lu  = 1.66056  x 10  kg)  throughout,  so  M 
has  units  of  u \ The  G matrix  elements  all  have  units  of  u that 

is,  we  have  used  a weighted  G matrix  wherein  the  bend-bend  elements 

° 2 ° 
are  weighted  by  1 A , the  stretch-bend  elements  are  weighted  by  1 A, 

and  the  stretch-stretch  elements  of  G are  unweighted.  All  of  the 


-1. 


elements  in  the  F matrix  thus  have  units  of  mdyn/A  (1  mdyn/A  = 100  Nm  ) , 

-1/2 

and  finally  the  L matrix  has  units  of  u 
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Intensity  Analysis 

As  we  pointed  out  in  Chapter  1 (see  Eq.  (1-5)),  the  absolute 
intensity  (A^ ) of  the  ith  fundamental  vibrational  mode  of  a molecule 
is  proportional  to  the  square  of  the  dipole  moment  change  with 
respect  to  the  ith  normal  coordinate.  We  may  evaluate  the  physical 
constants  in  Eq.  (1-5)  using  values  from  reference  48  to  obtain 

A (km  mol"1)  = 974.9  di  1 3p/3Qi  (e  u~1/2)|2  (3-18) 

where  d^  is  the  degeneracy  of  the  ith  vibrational  mode.  If  the  value 
of  the  dipole  moment  change  with  respect  to  the  ith  normal  coordinate 
is  known,  the  absolute  intensity  for  that  mode  may  be  directly  cal- 
culated from  Eq.  (3-18) . The  problem  of  intensity  analysis  thus 
reduces  to  calculating  these  dipole  moment  changes. 

Atomic  Polar  Tensors 


The  vector  dipole  moment  change  (3p/3Q.)  may  be  considered  to  have 


dipole  moment  component  changes  3px/30^,  3p^/3£h  , and  3p^/3Q^  along 
each  of  the  space-fixed  cartesian  axes  (chosen  parallel  to  the  prin- 
cipal axes  a,  b,  and  c) . Column  vector  components  of  the  dipole 
moment  derivatives  may  be  juxtaposed  for  the  (3N-6)  normal  modes. 

The  resulting  matrix  has  the  form  (13) 

'9px/3Ql 9Px/^3N-6  \ 


P 

-Q 


3py/3Q1 3y3«3N-6 


(3-19) 


\3pz/3Q] 9V9Q3N-6  I. 

The  dipole  derivatives  in  normal  coordinate  space  are  related  to 
dipole  derivatives  in  internal  coordinate  space  by  (13) 


U 


(3-20) 
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Here  P is  analogous  to  Eq.  (3-19)  except  that  the  dipole  derivatives 
R 

are  now  with  respect  to  the  internal  coordinates;  L ^ and  U have  been 
previously  defined  in  Eq.  (3-3)  and  Eq.  (3-4),  respectively. 


The  P matrix  may  be  further  transformed  into  dipole  moment  derivatives 
-R 


expressed  in  a space-fixed  cartesian  coordinate  system  (13) : 


P = P L 1 U B + P 3 
-X  -Q  “P  “ 


(3-21) 


Here  B was  defined  in  Eq.  (3-7)  and  P^  is  a rotation  correction  matrix 

(13)  which  will  be  dicussed  below. 

The  P matrix  in  Eq.  (3-21)  is  a juxtaposition  of  tensors  on  each 
X 

atom  of  the  molecule.  Thus  we  have 


P = (p1  : p2 

-X  X ' Fx 


; a ; 

— ip  i . 

' x ' 


N , 

px  > 


(3-22) 


with 


a 


/3V3x  a 

3p  3y 
x a 

3p  /9z  \ 
x a \ 

9y3*a 

3p  /3y 
L y a 

3p  /3z 
^y  a 

VPz/9xa 

3p  /3y 
z a 

3p  /3z  j 
z a/ 

(3-23) 


where  x,  y,  and  z refer  to  the  space-fixed  cartesian  axes,  ct  is  the 
ath  atom  in  the  molecule,  and  P^  is  the  atomic  polar  tensor  (12)  for 
the  ath  atom. 

We  shall  now  consider  why  the  rotation  correction  matrix  P^  $_ 


occurs  in  Eq.  (3-21)  and  how  this  matrix  may  be  calculated.  As  we 


pointed  out  in  the  discussion  of  normal  coordinate  analyses,  vibra- 
tional displacements  expressed  in  internal  coordinate  space  may  be 
transformed  back  into  cartesian  coordinate  space  (see  Eq.  (3-8)) 
through  the  use  of  the  A matrix,  but  the  transformation  results  in 
molecule-fixed  cartesian  displacements.  To  obtain  space-fixed 


68 


cartesian  displacements  from  the  internal  coordinate  displacements, 

we  must  use  the  augmented  R,  B,  and  A matrices  (see  Eqs.  (3-9)  and 

(3-10) ) . Hence,  when  dipole  derivatives  are  transformed  from  internal 

coordinate  space  to  a space-fixed  cartesian  coordinate  system,  a 

rotation  correction  matrix,  J3  in  Eq.  (3-21) , must  be  added  if  B 

is  defined  as  in  Eq.  (3-7) . The  rotation  correction  matrix  may  be 

expressed  as  a tensor  for  each  atom  of  the  molecule,  just  as  the 

total  P matrix  is  expressed  as  a juxtaposition  of  tensors  for  each 
X 

atom  of  the  molecule.  The  rotation  correction  tensor  for  the  ath 

atom  of  the  molecule  is  given  by  (12) 

(P  6)“  = m (p°))  i"1  ((r  )) ' (3-24) 

— p — a ’ — a 

(X 

where  the  notation  (P  B)  has  been  used  instead  of  Morcillo's  D 

_p  _ - 

matrix  notation.  Here  m^  is  the  mass  of  atom  a,  ( (p  ) ) is  the 

★ 

antisymmetric  tensor  of  the  permanent  dipole  moment  components 
along  the  principal  axes  a,  b,  and  c,  I_  ^ is  the  inverse  diagonal 
matrix  of  the  moments  of  intertia  about  a,  b,  and  c,  and  ((r^)) ' 
is  the  transpose  of  the  antisymmetric  tensor  of  the  equilibrium  a, 
b,  and  c coordinates  of  the  molecule.  For  molecules  with  no  per- 
manent dipole  moment,  ( (p°) ) will  be  a null  tensor,  and  consequently 
the  rotation  correction  matrix  will  be  the  null  matrix.  An  alternate 
way  of  expressing  the  rotation  correction  tensor  for  each  atom  is  to 


The  antisymmetric  tensor  for  a vector  p is  (12) 


( (P)  ) 


0 


-P. 


o 
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use  the  expressions  for  and  _3  for  each  atom  (13)  . The  two 
methods  for  calculating  the  rotation  correction  matrix  are  of 
course  equivalent. 

The  atomic  polar  tensors  (APT's)  for  each  of  the  atoms  in  a 
molecule  are  not  all  independent;  one  APT  can  always  be  deter- 
mined from  the  APT's  for  the  other  atoms  through  the  application 
of  the  null  constraint  (12) : 

I P01  = 0 (3-25) 

a X — 

Thus,  we  have  for  example 

E c)p  /3z  = 0 (3-26) 

a y cc 

An  expression  similar  to  Eq.  (3-26)  exists  for  all  the  other  APT 
components.  The  null  constraint  arises  because  the  P^  matrix  for 
translations  is  the  null  matrix.  This  result  may  be  appreciated  by 
realizing  that  movement  of  every  atom  in  the  same  direction  by  the 
same  amount  along  one  of  the  space-fixed  cartesian  axes  produces 
no  change  in  the  molecular  dipole  moment. 

Atomic  polar  tensors  are  always  expressed  relative  to  a particular 
cartesian  coordinate  system.  An  APT  expressed  in  a new  rotated 
coordinate  system  is  calculated  from  the  APT  expressed  in  the  old 
coordinate  system  by  (14) 

P®  (new)  = T P^  (old)  T'  (3-27) 

X X 

Here  the  transf ormation  matrix  T is  composed  of  the  cosines  between 
the  new  axes  and  the  old  axes.  The  element  T is  the  cosine  of 
the  angle  between  the  ith  rotated  axis  and  the  jth  original  axis. 

Let  us  now  consider  the  reverse  transformation  of  the  dipole 
moment  derivatives,  where  we  transform  a set  of  dipole 
derivatives  with  respect  to  a space-fixed  cartesian 
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coordinate  system  to  dipole  derivatives  with  respect  to  normal 
coordinates.  This  transformation  is  given  by  (13) 

Eh  = P A U'  L (3-28) 

Here  A is  defined  in  Eq.  (3-8) , U'  is  the  transpose  of  U in 
Eq.  (3-4) , and  L is  defined  in  Eq.  (3-2) . 

We  might  note  here  how  we  may  obtain  the  L ^ needed  in  Eq.  (3-21) 
and  the  A needed  in  Eq.  (3-28)  . These  two  matrices  are  normally 
not  reported  in  the  literature  or  in  normal  coordinate  analysis 
programs,  as  they  are  not  directly  needed  to  calculate  the  normal 
mode  frequencies  of  a molecule.  We  obtain  L ^ from  the  relation 
given  by  Crawford  and  Fletcher  (49) 

L~ 1 = A"1  L'  F (3-29) 

where  A ^ is  the  inverse  of  A_  (see  Eq.  (3-16))  and  F is  the  matrix 
of  the  internal  force  constants  of  the  molecule  (see  Eq.  (3-l4a)). 

The  A matrix  can  not  be  calculated  by  a simple  inversion  of  B 
as  neither  matrix  is  square.  Instead,  A can  be  calculated  from  (49) 

A = M_1  B'  G_1  (3-30) 

where  M ^ and  B'  have  been  previously  discussed  in  relation  to 
Eq.  (3-12) . The  inverse  of  the  unsymmetrized  (5  may  be  calculated  from 
(49) 

G-1  = U'  (L_1 ) ' L 1 U (3-31) 

The  L 1 matrix  is  calculated  from  Eq.  (3-29) . 

We  can  avoid  some  of  the  confusion  caused  by  the  symmetrized 
G and  unsymmetrized  G matrices  by  introducing  symmetrized  A_  and  B_ 
matrices  which  transform  symmetry  coordinates  to  cartesian  coordinates 
and  cartesian  coordinates  to  symmetry  coordinates,  respectively: 


71 


A = A U'  ( 3-32a ) 

B = U B (3-32b) 


We  can  now  calculate  the  symmetrized  A_  matrix  from  the  symmetrized 
G matrix: 


A = 

G"1- 


M 1 B'  G 


(3-33) 


The  P matrix  is  now  given  by 

-Q 

P = P A L (3-34) 

~Q  -x  - - 

in  terms  of  the  symmetrized  A_,  and  P is  given  by 

X 

P = P L-1  B + P 3 (3-35) 

-X  -o  - - -p  - 

We  shall  report  symmetrized  A_  matrices  and  unsymmetrized  13  matrices 
in  this  dissertation. 

Finally,  we  wish  to  acknowledge  that  all  the  intensity  calcula- 
tions were  performed  using  the  program  PVDTEN  developed  by  Newton  (50). 
The  program  allows  one  to  calculate  either  P^  from  P^  or  P^  from  P^. 
Effective  Charges 

The  atomic  polar  tensors  are  dependent  upon  the  definition  of 

the  coordinate  system;  hence,  the  tensor  components  will  change  when 

the  coordinate  system  is  rotated.  An  APT  invariant  which  is  independent 

of  the  choice  of  coordinate  system  may  be  obtained  by  taking  the 

trace  of  the  product  of  the  APT  and  the  transpose  of  the  APT  (13) : 

5 = Trace  [P  (P  ) ] (3-36) 

a XX 

where  pa  is  the  APT  for  atom  a,  the  prime  indicates  the  transpose, 

X 

and  £ is  the  effective  charge  on  atom  a.  The  effective  charge  was 
a 

first  deduced  by  King,  Mast,  and  Blanchette  (52)  from  a consideration 
of  Crawford's  G sum  rule  (53)  expressed  in  cartesian  space.  The 
relationship  between  the  effective  charge  and  the  APT  was  derived 
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by  Person  and  Newton  (13) . 

Two  other  invariants  of  the  APT  for  the  ath  atom  are  the  mean 
dipole  derivative  and  the  anisotropy  (51) . The  mean  dipole  deriva- 


tive p^  is  given  by 


p = (1/3)  Trace  P_a 

a x 


(3-37) 


The  anisotropy  measures  the  deviation  of  the  APT  from  a constant 
diagonal  tensor  of  value  p^  and  is  given  by  (51) : 


ea=  (i/2)[(px..-p 


2 

D 
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(3-38) 


where,  for  example,  p stands  for  Qp  /9z 

xz  x a 


The  relationship 

between  the  effective  charge,  the  mean  dipole  derivative,  and  the 


anisotropy  is  (51,  54) : 

2 


Xa  = (ia)2  + (2/9)  B* 


(3-39) 


Here  we  have  used  the  new  definition  of  the  effective  charge  given 
by  King  (54) : 

Xa  - <1//r>  (3'40 

We  have  found  the  effective  charge  to  be  perhaps  the  most  useful 

of  the  APT  invariants,  so  we  shall  report  only  the  effective  charges 

for  the  APT's.  The  effective  charges  we  report  are  in  terms  of 

X rather  than  £ , and  will  have  units  of  electrons  (e) . 

King  et  al.  (52)  also  derived  a useful  expression  relating  the 

effective  charges  for  the  atoms  in  a molecule  to  the  sum  of  the 

absolute  intensities  for  all  the  vibrational  modes  of  that  molecule: 

£ (X2/m  ) = (c2/Ntt)  £ (A./d.)  + Q (3-41) 

a a a i i i 

(here  the  equation  has  been  converted  to  be  consistent  with  the 

definition  of  X ) • Most  of  the  terms  in  Eq.  (3-41)  have  been  defined 

a 
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earlier.  The  Q.  in  Eq.  (3-41)  is  the  total  rotational  correction 
given  by  (13) 


« = 


(Pz)2  + (Px)2  <)2  + ^ ^ + <>2 

+ + (3-42) 


x 


-1 


We  may  express  A^  and  in  units  of  km  mol  ; if  is  then  expressed 
in  electrons,  we  have 


£ cy  2—1  — 1 

a (e  u ) = 1.0258  x 10 


Z(A./d.)+  Q 


l i 


(km  mol  ■*")  (3-43) 


King  et  al.  (52)  have  suggested  that  the  effective  charge  for  an 
atom  may  be  a transferable  intensity  parameter;  since  subsequent  work 
(54)  agrees  with  this  idea,  we  shall  routinely  tabulate  effective 
charges  along  with  APT's. 


CHAPTER  4 

EXPERIMENTAL  ATOMIC  POLAR  TENSORS  FOR  METHANOL 
We  now  wish  to  derive  experimental  atomic  polar  tensors  for 
methanol  from  the  best  estimates  given  in  Table  2-2  for  the 
experimental  absolute  intensities  of  the  normal  modes.  The  rotation- 
al correction  tensors  and  the  normal  coordinates  necessary  to  cal- 
culate the  APT's  from  the  experimental  intensity  data  will  be 
described  later;  first  we  shall  outline  the  procedure  for  obtaining 

the  experimental  P matrix  from  the  absolute  intensities. 

~Q 

The  Experimental  P^  Matrix  for  Methanol 

The  absolute  intensities  presented  in  Table  2-2  for  the  normal 
modes  of  methanol  may  be  converted  to  |9p/9Q. | absolute  values  using 
the  relationship  (from  Eq.  (3-18) ) 

|3p/3Q  | (e  u"1/2)  = 0.03203  [A.,  (km  mol"1) /d  ] 1/2  (4-1) 

where  the  components  on  the  space-fixed  cartesian  axes  of  the  | 9p/3Q^ | 
values  comprise  the  elements  of  the  P^  matrix.  The  degeneracy  (d^)  is 
unity  for  all  the  vibrational  bands  of  methanol,  so  its  presence  in 
Eq.  (4-1)  can  be  ignored.  The  experimental  intensity  measurements 
provide  only  the  magnitude  of  the  vector  dipole  moment  change  for  each 
of  the  normal  modes.  To  analyze  the  intensity  data,  both  the  direction 
and  the  sign  of  each  dipole  derivative  must  also  be  known.  We  first 
consider  the  determination  of  the  direction  of  the  dipole  moment  de- 
rivatives associated  with  each  of  the  normal  modes. 
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For  the  vibrations  of  a'  ' symmetry  (v^  through  V ) , the  direc- 
tion of  the  dipole  moment  change  is  determined  by  the  symmetry 
of  the  molecule.  Only  the  | 9p^/8£h I component  of  the  dipole  moment 
change  is  nonzero.  (See  Fig.  4-2  for  the  definition  of  the  coordinate 
system  for  methanol.)  Thus,  the  conversion  of  the  absolute  intensities 

for  V through  V to  the  absolute  values  of  the  corresponding  P 
9 1 Z 0 

matrix  elements  is  straightforward  through  the  use  of  Eq.  (4-1) . 

The  directions  of  the  dipole  moment  changes  for  the  vibrations 

of  methanol  having  a'  symmetry  (V  through  V ) are  more  difficult  to 

1 8 

establish  since  these  vibrational  modes  have,  in  general,  nonzero 
changes  in  both  y and  z dipole  moment  components  under  the  point 
group.  We  have  used  local  C^v  symmetry  at  the  methyl  carbon  to 
determine  the  direction  of  each  of  the  dipole  derivatives  for  the 
methyl  group  vibrations  (V^,  V^,  , v^_,  and  V^)  . Under  symmetry, 

each  of  these  five  normal  modes  will  induce  a dipole  moment  change 
along  either  y or  z,  but  not  both.  The  decision  as  to  whether  the 
dipole  derivatives  for  each  of  the  five  vibrations  are  directed  along 
y or  along  z was  made  by  comparing  these  vibrations  with  the  correspond- 
ing ones  in  methyl  fluoride  (50) . 

The  three  remaining  normal  modes  having  a'  symmetry  are  associated 

with  the  COH  structural  unit  of  methanol.  For  the  0-H  stretching 

mode  (Vi) , the  dipole  moment  change  was  taken  to  be  directed  along 

the  O-H  bond,  while  the  COH  bending  mode  (V  ) was  assumed  to  give  a 

b 

dipole  moment  change  directed  perpendicular  to  the  0-H  bond.  The  components 
of  the  dipole  moment  changes  along  the  y and  z axes  were  then  calculated 
using  the  experimental  COH  angle  of  108°  32'  (55).  This  bond  moment 

hypothesis1  was  also  applied  to  the  C-0  stretching  mode  (Vg) ; 
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consequently,  that  dipole  moment  change  is  directed  along  the  C-0 
bond. 

Based  on  the  above  discussion,  the  absolute  values  of  the 

elements  are  presented  in  Table  4-1.  To  see  how  accurate  our 

estimation  of  the  direction  of  each  of  the  dipole  moment  derivatives 

is,  we  may  compare  the  results  presented  in  Table  4-1  with  the 

P matrix  (Table  4-2)  which  we  derived  for  methanol  from  an  ab  initio 
-12  

calculation  using  a 4-31G  basis  set  (see  Chapter  5 for  details) . A 
comparison  of  the  distribution  between  y and  z of  the  P^  elements 
derived  from  the  ab  initio  calculation  and  the  distribution  derived 
from  the  experimental  intensities  indicates  that  local  C^v  symmetry 
for  the  methyl  group  vibrations  and  the  bond  moment  approximation 
for  the  hydroxyl  group  vibrations  lead  to  good  descriptions  of  the 
dipole  derivatives.  Only  is  poorly  represented  under  C3v  symmetry, 

but  since  has  an  absolute  intensity  of  only  4 km  mol  , the 
distribution  of  the  dipole  derivative  between  the  y and  z axes  will 
have  but  a minimal  effect  on  the  APT's. 

Atomic  Polar  Tensors  for  Methanol 

Eq.  (3-21)  provides  the  relationship  between  dipole  moment 
derivatives  in  normal  coordinate  space  and  dipole  moment  derivatives 
expressed  in  a space-fixed  cartesian  coordinate  system.  To  calculate 
the  APT's  for  methanol  from  the  experimental  intensities,  we  shall 
use  the  experimental  geometry  reported  by  Lees  and  Baker  (55)  and 
the  normal  coordinates  calculated  from  the  force  field  for  methanol 
reported  by  Mallinson  (56).  Appendix  A presents  the  L 1,  U,  and  B 
matrices  based  on  this  geometry  and  force  field  as  well  as  a more 
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TABLE  4-2 

QUANTUM  MECHANICAL  MATRIX  FOR  METHANOL 
(units  of  e) 
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complete  description  of  the  normal  coordinate  analysis.  The 
rotational  correction  tensors  and  signs  for  the  elements  of  the 
P matrix  in  Table  4-1  are  also  needed  to  calculate  the  APT's. 

-Q 

The  rotational  correction  tensors  (given  by  Eq.  (3-24))  for 
methanol  were  calculated  with  respect  to  the  principal  axes  of 
inertia  derived  from  the  experimental  geometry  of  methanol  (55) . 

The  orientation  of  the  principal  axes  is  indicated  in  Fig.  4-1. 
Components  along  the  principal  axes  of  the  permanent  dipole  moment 
were  taken  from  the  microwave  study  of  methanol  by  Ivash  and 
Dennison  (57).  Principal  cartesian  coordinates,  principal  moments 
of  inertia,  and  the  components  along  the  principal  axes  of  the 
permanent  dipole  moment  from  which  the  rotational  correction  tensors 
were  calculated  are  given  in  Table  4-3.  The  principal  cartesian 
coordinate  system  was  then  rotated  to  the  coordinate  system  used 
in  the  normal  coordinate  analysis,  and  the  rotational  correction 
tensors  expressed  in  this  new  coordinate  system  are  presented  in 
Table  4-4.  This  coordinate  system,  which  is  shown  in  Fig.  4-2, 
has  the  y axis  directed  along  the  C-0  bond  with  z in  the  symmetry 
plane  of  the  molecule  and  perpendicular  to  y. 

Signs  for  the  dipole  derivatives  listed  in  Table  4-1  cannot  be 
deduced  from  the  experimental  absolute  intensities  we  measured  for 
methanol;  a knowledge  of  these  signs  is  necessary,  however,  to 
analyze  the  intensity  data.  In  the  absence  of  high  resolution 
intensity  data  which  might  provide  information  about  the  relative 
signs  of  the  dipole  moment  derivatives  (58) , signs  are  often  chosen 
on  the  basis  of  quantum  mechanical  calculations  of  the  dipole 
derivatives,  and  this  is  the  method  we  have  used. 
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TABLE  4-3 

DATA  FOR  THE  ROTATIONAL  CORRECTION  TENSOR 
CALCULATIONS  FOR  METHANOL 


Dipole  Moment 


a 


(enm) 


b 2 

Moments  of  Inertia  (u  nm  ) 


x 0.0 


x 0.211852 


y -0.0184 


y 0.039916 


z 0.0300 


z 0.203746 


Principal  Cartesian  Coordinates  (nm) 
C (0.0  , -0.073230,  0.001155) 

C>2  (0.0  , 0.069170,  -0.006363) 

H3  (0.0  , 0.103892,  0.081535) 

H4  (0.0  , -0.110728,  -0.101573) 

Hc  (0.08883  , -0.109525,  0.053609) 

Hr  (-0.08883,  -0.109525,  0.053609) 


aDipole  moment  taken  from  Ivash  and  Dennison  (57) 

Calculated  from  the  geometry  for  methanol  reported  by  Lees 
and  Baker  (55) . 
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H4 


Fig.  4-1.  Location  of  the  principal  axes  of  inertia  of  methanol 
The  data  in  Table  4-3  is  relative  to  this  axis  system 
The  angle  between  the  C-0  bond  and  the  y axis  is  3° . 
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Fig.  4-2.  Space-fixed  cartesian  coordinate  system  for  methanol. 

The  yz  plane  lies  in  the  symmetry  plane  of  the  molecule; 
the  y axis  is  directed  along  the  C-0  bond.  The  APT's 
given  in  Table  4-5  are  relative  to  this  coordinate  system. 
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TABLE  4-4 

ROTATIONAL  CORRECTION  TENSORS  FOR  METHANOL 
(units  are  e) 


£p3(ci)  = 


p6(02)  = 


P6(H3)  = 
-p-  J 


p8(h4)  = 


p6(h5) 


p 6(h6) 


/ 0.0899 

0 

0 1 

0 

-0.0045 

0.1201 

l o 

-0.0031 

0.0829/ 

1 -0.1765 

0 

° 

0 

-0.0059 

-0.1518 

\ 0 

-0.0041 

-0.1047/ 

/ 0.0523 

0 

° 

0 

0.0120 

-0.0137 

l 0 

0.0083 

-0.0095/ 

/ -0.0668 

0 

0 

0 

-0.0148 

0.0145 

l o 

-0.0102 

0.0100/ 

/ 0.0506 

0.0116 

-0.0667 \ 

0 

0.0066 

0.0155 

\ o 

0.0045 

0.0107/ 

/ 0.0506 

-0.0116 

0.0667 \ 

0 

0.0066 

0.0155 

\ o 

0.0045 

0.0107/ 

Note:  The  atomic  numbering  scheme  and  the  coordinate 

system  are  defined  in  Fig.  4-2 
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Included  with  the  matrix  given  in  Table  4-2  are  the  signs 
of  the  dipole  moment  derivatives  which  were  obtained  from  the  ab 
initio  calculation  described  in  Chapter  5 for  methanol.  This 
theoretical  matrix  was  calculated  from  the  normal  coordinates 
for  methanol  calculated  using  the  force  field  reported  by  Mallinson 
(56).  The  signs  of  the  P^  matrix  elements  depend  upon  the  phase 
definitions  of  the  normal  coordinates  and  the  symmetry  coordinates, 
so  we  report  in  Appendix  A the  A_  and  L matrices  derived  from  the 
force  field  data  reported  by  Mallinson  (56) . The  signs  of  the  P^ 
elements  in  Table  4-2  form  the  basis  for  assigning  signs  to  the 
experimental  P^  matrix  elements  presented  in  Table  4-1.  This 
assignment  of  course  assumes  that  we  shall  use  the  same  definitions 
of  phase  for  the  symmetry  coordinates  as  we  used  to  calculate  the 

theoretical  P matrix  from  the  P matrix. 

~Q  -X 

The  most  straightforward  choice  of  signs  is  to  choose  the  sign 
of  each  nonzero  experimental  P^  element  exactly  as  it  is  calculated 
from  the  ab  initio  study.  The  experimental  P^  matrix  for  this  set 
of  signs  is  shown  in  Table  4-5;  the  experimental  APT's  resulting 
from  this  sign  choice  are  presented  in  Table  4-6.  The  coordinate 
system  for  these  APT's  is  shown  in  Fig.  4-2.  Since,  however,  some 
of  the  magnitudes  for  the  P^  elements  are  rather  small,  notably 
the  dipole  derivatives  for  V^,  V , V^,  and  V , several  other  sign 
choices  were  investigated.  These  alternate  sign  choices  were  made 
by  simply  reversing  the  sign  of  the  dipole  derivative  for  one  of  the 
four  low  intensity  modes  and  recalculating  the  experimental  APT's. 
The  APT's  which  result  for  two  such  alternate  sign  choices  are 


presented  in  Table  4-7. 


The  APT's  for  methanol  which  were  calculated 
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TABLE  4-6 

ATOMIC  POLAR  TENSORS  FOR  METHANOL 
(Dipole  derivative  signs  are  indicated  in  TABLE  4-5) 


Vci>  = 


px(°2)  - 


VH3>  ' 


V"*1  - 


Px<H5>  = 


0.379 
0 
0 

I -0.444 
0 
0 


0.  260 
0 
0 

I 0.025 
0 
0 


\ 


-0.110 

0.057 

-0.048 


0 

0.826 
-0.061 
X = 0 . 57e 

0 

-0.875 

0.010 

X = 0 . 58e 
0 

0.175 

0.059 

X = 0.20e 
0 

-0.024 

0.001 

X = O.lOe 

0.053 
-0.051 
-0.005 
X = 0 . lie 


0 

0.032 

0.359 

0 \ 
-0.059 

-0.304  , 


0 

-0.043 

-0.164 

-0.107 

0.049 

-0.009 


Note:  The  atomic  numbering  scheme  and  coordinate  system 

are  shown  in  Fig.  4-2.  Effective  charges  (x)  are 
calculated  from  Eq.  (3-40).  Units  are  electrons  (e) . 
The  APT  for  Hg  is  obtained  from  that  for  by  simply 
reversing  the  signs  of  all  off-diagonal  tensor  elements 
involving  the  x axis. 
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TABLE  4-7-continued 
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by  reversing  the  sign  (from  positive  to  negative)  of  the  3p  /3Q 

z 6 

element  are  shown  in  the  first  column  of  Table  4-7.  The  APT's 
which  result  from  changing  the  sign  of  3pz/3Q_,  from  negative  to 
positive  are  shown  in  the  second  column  of  Table  4-7.  The  major 
difference  in  the  APT's  calculated  from  the  alternate  sign  choices 
compared  to  the  APT's  given  in  Table  4-6  occurs  in  the  dipole  moment 
change  along  z for  displacement  of  the  atom  along  each  of  the  cartesian 
coordiante  axes.  Even  the  changes  in  these  elements  are  not  all  that 
great.  Given  the  uncertainties  in  the  experimental  absolute  in- 
tensities and  the  ambiguities  in  the  division  of  intensity  for  over- 
lapping regions,  we  do  not  feel  that  the  APT's  resulting  from  the 
alternate  sign  choices  appreciably  differ  from  the  APT's  given  in 
Table  4-6. 

Effect  of  the  Normal  Coordinates  on  the  APT's  for  Methanol 

Even  after  allowing  for  symmetry  constraints,  the  complete  force 
field  for  methanol  contains  46  force  constants.  Because  of  the 
limited  number  of  independent  pieces  of  experimental  data,  some  of 
these  force  constants  will  be  indeterminant  if  the  force  field  is 
determined  from  afit  to  the  experimentally  observed  frequencies. 

Yet  the  transformation  from  dipole  derivatives  with  respect  to  normal 
coordinates  to  dipole  derivatives  expressed  in  a space-fixed  cartesian 
coordinate  system  depends  explicitly  upon  the  form  of  the  normal 
coordinates  and  hence  the  force  field. 

We  can  investigate  the  effect  on  the  experimental  APT's  of  the 
form  of  the  normal  coordinates  by  recalculating  the  APT's  using  the 
normal  coordinates  obtained  from  another  force  field  for  methanol. 

The  alternate  force  field  we  have  chosen  to  use  is  that  reported  by 
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Blom,  Otto,  and  Altona  (59).  (See  Appendix  A for  data.)  The  force 
fields  for  methanol  reported  by  Mallinson  (56)  and  by  Blom  et  al.  (59) 
differ  in  that  the  force  field  reported  by  Mallinson  is  an  experimental 
harmonic  one,  while  Blom  et  al.  report  an  ab  initio  force  field 
they  calculate  using  a 4-31G  basis  set.  Blom  et  al.  (59)  then 
scaled  the  theoretical  force  field  to  reproduce  the  observed  frequen- 
cies for  methanol.  The  two  force  fields  are  therefore  quite  different, 
mainly  because  Blom  et  al.  (59)  calculated  all  possible  interaction 
force  constants,  while  Mallinson  (56)  was  forced  to  assume  many  of 
the  interaction  force  constants  to  be  zero. 

To  calculate  the  APT's  for  methanol  using  the  normal  coordinates 
determined  from  the  force  field  reported  by  Blom  et  al.  (59),  we 
again  need  to  know  the  signs  of  the  experimental  elements  in 
Table  4-1.  The  signs  given  in  Table  4-2,  however,  cannot  be  used 
because  they  were  calculated  with  respect  to  the  normal  coordinates 
derived  from  the  force  field  reported  by  Mallinson  (56) . In  other 
words,  the  phase  definitions  will  not  be  the  same  for  the  normal 
coordinate  analyses  using  the  two  force  fields.  We  therefore  re- 
calculated the  theoretical  P matrix  from  the  ab  initio  APT's 

-Q  

given  in  Chapter  5 for  methanol.  The  A_  and  L_  matrices  for  the 
force  field  reported  by  Blom  et  al.  (59)  are  given  in  Appendix  A. 

The  signs  of  the  theoretical  P^  elements  relative  to  these  normal 
coordinates  were  then  assigned  to  the  experimental  P^  matrix  exactly 
as  predicted  by  the  ab  initio  calculation.  The  rotational  correction 
tensors  used  in  conjunction  with  the  L U_,  and  B matrices  in 
Appendix  A for  the  force  field  reported  by  Blom  et  al.  (59)  are 
different  from  the  ones  given  in  Table  4-4  because  the  geometry  for 
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methanol  assumed  by  Blom  et  al.  (59)  differs  slightly  from  the 
geometry  used  by  Mallinson  (56) . 

The  experimental  APT's  calculated  using  the  alternate  force 
field  (59)  for  methanol  are  presented  in  Table  4-8.  The  coordinate 
system  for  these  APT's  is  again  the  coordinate  system  shown  in 
Fig.  4-2.  These  APT's  may  be  directly  compared  with  the  APT's 
given  in  Table  4-6  because  both  sets  of  APT's  are  based  on  the 
assumption  that  the  ab  initio  calculation  correctly  predicts  the 
sign  of  each  P^  element.  The  APT's  in  Tables  4-6  and  4-8  are 
somewhat  different  with  the  largest  differences  occuring  in  the 
elements  involving  the  y and  z axis  components.  The  effective 
charges  for  the  methyl  hydrogen  APT's  in  the  two  Tables  are 
the  same  within  +0.01e.  The  hydroxyl  hydrogen  effective  charge  is 
also  the  same  when  an  0.02e  difference  is  compared  to  the  magnitude 
of  about  0.2e.  The  largest  difference  in  effective  charges  occurs 
for  the  carbon  APT  (0.57e  for  the  L ^ from  Mallinson  (56)  and 
0.48e  for  the  L ^ from  Blom  et  al.  (59). 

Choice  of  APT's  for  Methanol 

We  must  now  decide  upon  the  normal  coordinates  and  the  sign  choices 
we  shall  adopt  to  derive  our  working  set  of  experimental  APT's  for 
methanol.  We  choose  to  use  the  APT's  calculated  relative  to 
Mallinson 's  (56)  set  of  normal  coordinates;  we  do  so  because  the 
scaling  procedure  used  by  Blom,  Otto,  and  Altona  (59)  is  somewhat 
arbitrary  (60) . More  specifically,  all  the  interaction  force 
constants  are  scaled  by  a single  factor;  this  casts  some  doubt  upon 
their  true  magnitudes.  Since  more  interaction  terms  result  in  a 
larger  degree  of  mixing  in  the  normal  coordinates,  the  APT  elements 
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TABLE  4-8 

ATOMIC  POLAR  TENSORS  FOR  METHANOL 
BASED  ON  AN  ALTERNATE  SET  OF  NORMAL  COORDINATES 


(units 

are  e) 

/ 0.385 

0 

0 \ 

VC1>  = 

0 

0.658 

0.136 

\ o 

0.132 
X = 0 . 48e 

0.276  / 

-0.452 

0 

0 

V°2>  = 

0 

-0.768 

-0.039 

1 0 

-0.138 
X = 0 . 55e 

-0.287  / 

, 

0.258 

0 

0 

VH3>  = 1 

0 

0.222 

-0.051 

\ 0 

-0.006 
X = 0 . 22e 

0.141  / 

0.030 

0 

0 1 

PX»U>  - 

0 

-0.002 

-0.073 

\ o 

-0.048 
X = 0.09e 

-0.129  / 

-0.110 

0.048 

-0.106  \ 

Px«5>  * 

0.073 

-0.061 

0.014 

^-0.072 

0.030 
X = 0 . 12e 

-0.000  / 

Note:  The  atomic  numbering  scheme  and  coordinate  system 

are  shown  in  Fig.  4-2.  Effective  charges  (x)  are 
calculated  from  Eq.  (3-40).  To  obtain  P^(Hg),  see 
the  note  for  TABLE  4-6.  These  APT's  are  calculated 
using  the  normal  coordinates  obtained  from  the 
force  field  reported  by  Blom,  Otto,  and  Altona  (59) . 
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may  be  incorrectly  distributed  within  the  APT  due  to  the  dependence 
of  the  APT's  on  L \ For  the  choice  of  signs  for  the  experimental 

matrix  elements,  we  have  chosen  the  set  of  signs  given  in  Table  4-5. 
Our  justification  for  this  particular  choice  of  signs  is  that  the 
experimental  P^  elements  are  assigned  signs  exactly  as  calculated 
by  the  ab  initio  calculation. 

Our  final  choice  for  the  experimental  APT's  for  the  oxygen  and 
hydroxyl  hydrogen  is  given  in  Table  4-9.  The  coordinate  system  is 
shown  in  Fig.  4-3.  This  particular  choice  of  cartesian  axes  is 
the  bond  system;  it  is  with  respect  to  this  axis  definition  that  these 
APT's  should  be  transferred  to  other  molecules  containing  an  0-H 
group.  If  the  oxygen  APT  presented  in  Table  4-9  is  transferred  to 
another  C-0  group,  the  axes  should  first  be  rotated  about  y such  that 
z is  directed  along  the  C-0  bond.  This  distinction  for  oxygen 
arises  because  there  exists  no  unique  bond  coordinate  system  for 
the  oxygen  APT. 

Our  final  choice  for  the  experimental  APT's  for  the  methyl  hydrogens 
and  carbon  are  presented  in  Table  4-10.  The  coordinate  system  is 
shown  in  Fig.  4-4.  This  coordinate  system  is  again  the  bond  coordinate 
system. 

The  experimental  APT  for  the  hydroxyl  hydrogen  of  methanol  may 

be  compared  with  the  hydrogen  APT  for  water  (42) . Such  a comparison 

is  presented  in  Table  4-11;  both  APT's  are  with  respect  to  the  same 

bond  system  which  is  that  shown  in  Fig.  4-5.  We  may  first  note  that 

displacement  of  the  hydroxyl  hydrogen  alongthe  0-H  bond  (the  z axis) 

results  in  the  same  dipole  moment  change  Op  /Oz  = 0.13e)  for  both 

z 

water  and  methanol.  This  implies  that  the  0-H  stretching  mode  in 
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H 


(a)  Bond  coordinate  system  for  oxygen 


z 


H 


(b)  Bond  coordinate  system  for  hydrogen 


Bond  cartesian  coordinate  systems  for  the  two  atoms  of 
the  hydroxyl  group  of  methanol.  Here  the  x axis  is  in 
the  COH  plane,  and  z is  directed  along  the  OH  bond. 


Fig.  4-3. 
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TABLE  4-9 

HYDROXYL  GROUP  APT'S  FOR  METHANOL 
THE  APT'S  ARE  EXPRESSED  IN  A BOND  COORDINATE  SYSTEM 
(units  are  e) 


vo)a  - 


P (H)b  = 
X 


/ -0.803 

0 

0.226  \ 

0 

-0.444 

0 

\ 0.157 

0 

-0.376  / 

X = 0.59e 

/ 0.161 

0 

CO 

r-H 

O 

o 

0 

0.260 

0 

\ -0.070 

0 

0.141/ 

X = 0.20e 

Coordinate  system  is  shown  in  Fig.  4-3  (a) 
b 

Coordinate  system  is  shown  in  Fig.  4-3 (b) 


Fig.  4-4.  Bond  cartesian  coordinate  systems  for  the  methyl  group 

experimental  atomic  polar  tensors  for  methanol  presented 
in  Table  4-10. 

(a)  Bond  system  for  carbon 

(b)  Bond  system  for  the  in-plane  methyl  hydrogen 

(c)  Bond  system  for  the  out-of-plane  methyl  hydrogen; 
x is  in  the  HgCH^  plane  and  directed  inside  the 
H6C1H5  an<?le* 
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(a) 


3 


(b) 


(c) 
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TABLE  4-10 

METHYL  GROUP  EXPERIMENTAL  APT'S  FOR  METHANOL 
(units  are  e) 


P (c)a  = 

X 


VB4>  * 


V«6>C  - 


0.359 

0 

0.032 


-0.025 

0 

0.044 


0.022 
0.034 
\ -0.022 


-0 . 061 \ 

0.379  0 

0 0.826 / 

X = 0 . 57e 


0 0 \ 

0.025  0 

0 -0.164  / 

X = O.lOe 


0.013  0.022 
-0.014  0.044 
-0.020  -0.178 
X = 0 . lie 


Coordinate  system  is  shown  in  Fig.  4-4  (a) 

Coordinate  system  is  shown  in  Fig.  4-4  (b) 
c 

Coordinate  system  is  shown  in  Fig.  4-4  (c) 
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z 


X 


R 


Fig.  4-5. 


Bond  cartesian  coordinate  system  for  the  hydroxyl 
hydrogen.  The  R stands  for  either  H or  CH^. 
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TABLE  4-11 

HYDROXYL  HYDROGEN  APT'S  FOR  WATER  AND  METHANOL 
(units  are  e) 


VH)  " 


0.247 

0 


-0.064 


0 -0.049\ 

0.330  0 

0 0.132 

X = 0 . 25e 


V">  * 


0 

0.260 

0 


0.018\ 

0 

0.141/ 


X = 0. 20e 


h2° 


a 


CH3OH 


b 


aTaken  from  Zilles  (42)  and  expressed  in  the  coordinate  system 
shown  in  Fig.  4-5 

^Taken  from  TABLE  4-6  and  expressed  in  the  coordinate  system 
shown  in  Fig.  4-5 
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methanol  has  nearly  the  same  dipole  moment  change  associated  with  it 
as  does  water.  The  0-H  bending  mode,  however,  has  dipole  derivatives 
that  are  quite  different  in  the  two  molecules;  if  we  consider  only 
the  diagonal  terms  in  the  two  APT ' s corresponding  to  a bending  motion 
Op^/Bx) , we  see  that  the  value  for  water  is  one  and  half  times 
larger  than  in  methanol.  It  is  difficult  to  compare  the  9p  /9y 
derivatives  for  water  and  methanol  because  this  term  contains  a 
large  contribution  due  to  molecular  rotation;  the  level  of  agreement 
is  thus  somewhat  surprising.  The  only  difference  in  the  two  off- 
diagonal  APT  terms  occurs  for  9p^/9z,  but  the  magnitude  of  the  values 
is  not  very  large.  Finally,  we  note  that  we  may  assign  an  effective 
charge  of  0.23  +_  0.02e  to  the  hydroxyl  hydrogen  and  that  this  value 
of  the  effective  charge  includes  both  molecules. 

To  compare  the  experimental  APT's  for  the  methyl  hydrogens  of 

methanol  with  those  for  other  molecules,  we  need  to  consider  an 

average  APT  for  the  methyl  hydrogens  of  methanol.  The  low  symmetry 

(C  ) of  the  methanol  molecule  removes  the  constraint  that  the  APT's 
s 

for  each  of  the  three  methyl  hydrogens  be  equivalent  when  expressed 
in  the  same  bond  coordinate  system.  An  average  APT  for  the  methyl 
hydrogens  of  methanol  was  obtained  as  follows.  A bond  coordinate 
system  for  each  of  the  three  hydrogens  was  chosen  so  that  the  z axis 
was  directed  along  the  C-H  bond.  The  x axis  was  then  oriented 
such  that  the  xz  plane  bisected  the  opposite  HCH  angle  and  x was 
directed  toward  the  opposite  HCH  plane.  This  coordinate  system  is 
perhaps  best  understood  by  referring  to  Fig.  4-6  where  it  is 
illustrated.  The  APT's  expressed  in  this  coordinate  system  for  each 
of  the  three  hydrogens  were  then  averaged  to  yield  an  average  APT 
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Fig.  4-6.  Bond  cartesian  coordinate  system  for  the  methyl  hydrogen 
of  various  molecules.  The  x axis  lies  in  the  RCH  plane. 
The  R group  is  a general  substituent  on  the  methyl  group 
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TABLE  4-12 

METHYL  HYDROGEN  APT'S  FOR  VARIOUS  MOLECULES. 
THE  COORDINATE  SYSTEM  IS  SHOWN  IN  Fig. 4-6 


P (H) 
X 


I 0.034 
0 

\ 0.017 


0 

0.055 

0 


X = 0 . lie 


-0.028\ 

0 

-0.169 


ch3ch 


a 

3 


VH)  ■ 


V"'  * 


P (H)  = 
X 


0.012 

0 

0.007 


/- 0.036 
0 

0.024 


-0.026 
0 

0.011 


0 

0.073 

0 

X = 0 . 09e 
0 

0.073 

0 

X = 0.07e 
0 

0.030 

0 

X = O.lOe 


-0 . 021\ 
0 

-0.143 

-0.056\ 

0 

-0.061 / 

-0.024\ 

0 

-0.172 


ch3f 


CH3C1 


ch3oh 


Private  communication  from  J.  H.  Newton 
^Newton  and  Person  (51) 

CAverage  APT  for  the  methyl  hydrogens  of  methanol;  see  text 
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for  the  methyl  hydrogens  of  methanol.  This  average  APT  is 

presented  in  Table  4-12  along  with  experimental  APT's  calculated 

for  the  methyl  hydrogens  of  some  other  molecules;  the  coordinate 

system  is  illustrated  in  Fig.  4-6. 

One  can  see  from  Table  4-12  that  the  average  APT  for  the  methyl 

hydrogens  of  methanol  is  almost  the  same  as  the  experimental  APT 

for  the  methyl  hydrogen  of  ethane  (61) . The  only  difference  in  the 

two  APT's  occurs  for  the  9p  /3x  and  3p  /3y  terms  and  even  these  two 

x y 

elements  are  fairly  close  in  magnitude.  The  effective  charges  for 
the  methyl  hydrogens  of  methanol  and  ethane  are  the  same  within 
0. Ole . 


A comparison  of  the  experimental  APT's  for  the  methyl  hydrogens 

of  methanol  and  the  methyl  hydrogens  of  two  of  the  methyl  halides 

(CH^F  and  CH^Cl)  (50,51)  is  also  given  in  Table  4-12.  An  examination 

of  the  APT's  for  the  methyl  hydrogens  of  methanol  and  methyl  fluoride 

shows  that  the  two  APT's  are  similar.  The  3p  /3z  element,  especially, 

z 

shows  nearly  the  same  value.  This  is  surprising  because  Newton  and 
Person  (51)  have  noted  that  the  dipole  moment  change  for  displacement 
of  the  methyl  hydrogen  along  the  C-H  bond  is  linearly  related  to  the 
electronegativity  of  the  halide  atom.  The  electronegativity  of  the 
0-H  group  (about  3.5  (62))  falls  about  halfway  between  the  electro- 
negativities for  fluorine  (4.0)  and  chlorine  (3.2)  (63);  yet,  the 

3p  /3z  element  of  the  APT  for  the  methyl  hydrogen  of  methanol  does 
z 

not  appear  to  be  midway  between  the  values  in  the  CH^F  and  CH^Cl 
molecules.  The  electronegativity  of  the  0-H  group  is  apparently 
not  the  only  factor  governing  the  perturbation  on  the  APT  for  the 
methyl  hydrogens  of  methanol.  One  could  speculate  that  the 


105 


polarizability  of  the  hydroxyl  group  is  different  enough  from  the 
halides  to  produce  a change  in  the  electrical  properties  of  the 
methyl  group  above  what  would  be  expected  from  electronegativity 
considerations  alone. 


CHAPTER  5 

PREDICTION  OF  INFRARED  INTENSITIES 
We  now  wish  to  investigate  the  accuracy  to  which  we  may 
calculate  absolute  intensities  for  our  series  of  molecules  (methanol, 
ethanol,  dimethyl  ether,  formaldehyde,  and  acetone) . The  absolute 
intensities  for  a molecule  may  be  calculated  by  two  methods.  One 
method  that  can  be  used  is  to  transfer  experimentally  derived  intensity 
parameters  (the  experimental  APT's)  from  one  molecule  to  another. 

The  other  method  uses  quantum  mechanical  calculations  to  predict 
the  absolute  intensities  for  a molecule.  We  shall  use  both  methods 
of  intensity  predictions  to  calculate  absolute  intensities  for  the 
organic  molecules  studied  here.  The  results  of  the  two  methods  will 
be  compared,  and  the  use  of  quantum  mechanical  calculations  as  an 
indication  of  the  transferability  of  APT's  will  be  discussed.  We 
shall  first  outline  the  method  by  which  absolute  intensities  may 
be  predicted  from  transferred  APT's. 

Transferred  APT's  and  Predicted  Intensities 
As  we  pointed  out  in  Chapter  1,  we  might  expect,  for  example,  to 
be  able  to  derive  from  the  absolute  intensity  of  the  0-H  stretch 
in  methanol  some  sort  of  intensity  parameter  which  would  be  transferable 
to  the  hydroxyl  group  in  ethanol.  The  intensity  parameters  which 
we  choose  to  transfer  are  the  atomic  polar  tensors. 

Let  us  briefly  sketch  the  procedure  followed  in  transferring 
APT's  from  one  molecule  to  another.  The  APT  for  a particular  atom 
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was  always  transferred  in  a bond  coordinate  system  for  that 
atom  both  in  the  original  molecule  and  the  new  molecule.  This 
bond  coordinate  system  was  then  transformed  to  a space-fixed 
cartesian  coordinate  system  for  the  molecule  to  which  the  APT 
was  transferred.  The  orientation  of  the  space-fixed  coordinate 
system  was  chosen  to  coincide  with  the  coordinate  system  used  in 
the  normal  coordinate  analysis  for  the  new  molecule. 

The  APT  for  one  of  the  atoms  in  the  new  molecule  was  not 
transferred;  this  APT  may  be  determined  from  the  null  condition 
(Eq.  3-25)).  The  APT  calculated  from  the  null  condition  was  chosen 
to  correspond  to  the  atom  whose  electrical  properties  would  be 
expected  to  be  most  changed  when  the  molecular  fragments  from  the 
original  molecule (s)  were  combined  to  form  the  new  molecule.  To 
predict  the  absolute  intensities  of  methanol  using  transferred 
APT's,  for  example,  we  could  transfer  APT's  for  the  methyl  hydrogens 
from  methyl  fluoride  and  transfer  the  APT  for  the  hydroxyl  hydrogen 
from  water.  We  would  not,  however,  necessarily  expect  to  be  able 
to  transfer  the  oxygen  APT  for  methanol  from  water  and  successfully 
predict  absolute  intensities. 

Once  the  APT's  all  expressed  in  the  same  space-fixed  cartesian 

coordinate  system  were  obtained  for  the  new  molecule,  the  P^  matrix 

was  constructed  according  to  Eq.  (3-22).  The  P^  matrix  was  then 

calculated  using  Eq.  (3-34)  from  P and  the  normal  coordinate  analysis 

X 

matrices  A and  L of  the  molecule.  The  program  used  for  this  calculation 
was  PVDTEN  written  by  Newton  (50) . The  absolute  intensity  for  each 
normal  mode  of  vibration  was  calculated  using  Eq.  (3-18) . 
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Ab  Initio  APT's  and  Predicted  Intensities 

Besides  testing  the  transferability  of  experimental  APT's 
from  one  molecule  to  another,  we  wish  also  to  investigate  the 
accuracy  to  which  ab  initio  quantum  mechanical  calculations  predict 
absolute  intensities  for  the  series  of  organic  molecules  studied 
here.  We  may  also  compare  quantum  mechanically  calculated  APT's 
for  a molecule  with  the  APT's  transferred  to  that  molecule  to 
determine  if  the  transferred  APT's  adequately  represent  the  electrical 
properties  of  the  molecule. 

While  intensity  calculations  have  been  extensively  done  using 
semi-empirical  quantum  mechanical  calculations  (64)  (notably  using 
CNDO/2  (65)),  many  fewer  ab  initio  calculations  of  infrared  intensi- 
ties have  been  done  (66)  for  polyatomic  molecules  containing  several 
atoms.  One  reason  for  this  is  that  the  semi-empirical  calculations 
require  much  less  computer  time  than  do  the  ab  initio  calculations. 

The  CNDO  calculations  have  also  proved  to  be  useful  for  establishing 
the  sign  of  the  dipole  moment  derivatives.  Ab  initio  calculations 
of  infrared  intensities,  though,  would  presumably  yield  more  exact 
dipole  derivatives  than  would  the  semi-empirical  claculations  as  the 
ab  initio  calculations  would  result  in  more  accurate  wavefunctions . 

Easy-to-use  programs  for  ab  initio  calculations  of  one  electron 
properties  have  become  readily  available  in  recent  years,  and  we 
have  used  the  GAUSSIAN  70  set  of  programs  (67)  developed  by  Pople 
and  coworkers  (68) . This  program  calculates  self-consistent-field 
(SCF)  molecular  wavefunctions,  energies,  atomic  populations,  and 
dipole  moments.  The  program  is  particularly  straightforward  to 
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use  as  essentially  only  the  molecular  geometry  and  specification 
of  one  of  the  standard  basis  sets  are  required  as  input. 

For  our  ab  initio  calculations  of  APT's,  we  have  chosen  to  use 
the  4-31G  basis  set  (68)  for  the  description  of  each  molecule 
studied  here  (methanol,  ethanol,  formaldehyde,  and  acetone).  This 
4-31G  basis  set  is  available  as  one  of  the  standard  basis  sets 
available  in  GAUSSIAN  70.  Other  basis  set  options  include  ST0-3G 
or  6-31G,  but  the  ST0-3G  basis  set  (Slater-type  orbitals  represented 
by  three  gaussian  functions)  has  been  found  to  predict  poorer  dipole 
moments  (34)  and  dipole  derivatives  (69)  than  do  the  Gaussian- type 
orbital  representations  such  as  4-3 1G  or  6-31G.  On  the  other  hand, 
little  improvement  in  calculated  vibrational  properties  has  been  found 
to  occur  when  the  number  of  gaussians  is  increased  (such  as  6-31G 
compared  to  4-31G) . Use  of  the  6-31G  basis  set  also  requires  more 
computational  time  than  does  the  4-31G  basis  set. 

A detailed  discussion  of  the  4-31G  basis  set  (and  other  basis  sets) 
can  be  found  in  reference  34.  In  the  4-31G  basis  set  expansion,  the 
core  atomic  orbitals  on  each  first  and  second  atom  are  described  by  a 
sum  of  four  gaussian  functions,  while  the  valence  atomic  orbitals  are 
split  into  an  inner  part,  represented  by  the  sum  of  three  gaussians, 
and  an  outer  part,  represented  by  one  gaussian.  The  atomic  orbital  of 
hydrogen  is  also  split  into  an  inner  part  (sum  of  three  gaussians)  and 
an  outer  part  (one  gaussian) . Since  the  valence  orbitals  are  re- 
presented by  two  independent  functions,  the  4-31G  expansion  comprises 
an  extended  basis  set.  Although  dipole  moments  calculated  with  this 
basis  set  are  usually  larger  than  experimental  dipole 
moments  (34) , we  shall  calculate  changes  in  the 
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dipole  moment  and  shall  be  concerned  with  trends  in  the  calculated 
dipole  derivatives.  Furthermore,  we  shall  make  comparisons  of 
quantum  mechanically  calculated  APT's  using  only  the  4-31G  basis  set 
expansion. 

Ab  initio  calculations  of  APT's  and  absolute  intensities  have 
not  been  previously  done  with  a 4-31G  basis  set  for  methanol,  ethanol, 
formaldehyde,  or  acetone.  Absolute  intensities  for  dimethyl  ether 
have  been  calculated  using  a 4-31G  basis  set  by  Blom,  Oskam,  and 
Altona  (43) , but  Blom  et  al.  reported  electro-optical  parameters  (10) 
rather  than  APT's.  We  have  therefore  not  repeated  the  ab  initio 
calculation  for  dimethyl  ether. 

We  might  add  that  the  force  fields  for  methanol  (59,70)  and 
dimethyl  ether  (43)  have  been  calculated  using  a 4-31G  basis  set  to 
generate  the  self-consistent  field  (SCF)  wavefunctions  from  which 
the  force  constants  were  calculated.  Net  atomic  charges  calculated 
with  a 4-31G  basis  set  for  methanol  have  been  reported  by  Momany  (71) , 
although  he  assumed  a slightly  different  geometry  (72)  than  the 
geometry  for  methanol  we  have  used  (55) . The  net  atomic  charges  we 
obtained  agree  with  those  found  by  Momany  (71) . The  relative  absolute 
intensities  for  methanol  have  also  been  quantum  mechanically  cal- 
culated by  Serrallach,  Meyer,  and  Gtlnthard  (32)  . 

Let  us  now  consider  in  some  detail  how  the  APT's  were  quantum 
mechanically  calculated.  The  APT  for  the  ath  atom  was  obtained  by 
first  calculating  the  equilibrium  configuration  dipole  moment  and 
then  again  calculating  the  dipole  moment  after  displacement  of  the 

O 

ath  atom  by  + 0.02  A along  each  of  the  space-fixed  cartesian  axes 

“6 

in  turn.  The  two-electron  integral  threshold  value  was  1 x 10 
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and  convergence  on  the  density  matrix  was  5 x 10  \ More  rapid 
convergence  for  acetone  was  achieved  by  using  the  equilibrium 
configuration  density  matrix  as  the  initial  guess  for  the  wave- 
function  of  the  displaced  atomic  configurations.  The  equilibrium 
experimental  geometries  about  which  the  atoms  were  displaced 
were  taken  from  Sasada,  Takano,  and  Saton  (73)  for  ethanol, 
from  Oka,  Hirakawa  and  Shimoda  (74)  for  formaldehyde,  and  from 
Nelson  and  Pierce  (75)  for  acetone.  Calculation  of  the  APT's  for 
atomic  displacements  about  the  experimental  equilibrium  geometries 
rather  than  the  theoretical  equilibrium  geometries  was  done  because 
the  APT's  are  not  usually  overly  sensitive  to  small  changes  in  the 
equilibrium  geometry  (64) . Furthermore,  Schwendeman  (76)  has 
suggested  that  distinct  advantages  exist  for  using  the  experimental 
geometries  rather  than  theoretical  geometries  in  quantum  mechanical 
calculations. 

The  requisite  APT  derivatives  were  approximated  as 

9pi/9ja  ^ AP./Aja  (6-1) 

where  Ap^  is  the  dipole  moment  component  change  along  i = x,  y,  or  z, 
and  Aj^  is  the  displacement  magnitude  of  the  octh  atom  along  the 
space-fixed  cartesian  axis  j = x,  y,  or  z.  Displacement  of  the  ath 
atom  along  x,  for  example,  thus  gives  three  APT  elements:  9p^/9xa, 
9p^/9x^,  and  9pz/9x^.  The  atoms  were  displaced  along  the  cartesian 
axes  in  both  positive  and  negative  directions;  the  APT  elements  were 
then  calculated  as  the  arithmetic  mean  of  the  derivative  in  Eq.  (5-1) 
for  the  two  displacement  directions. 

Polar  tensors  for  every  atom  in  the  molecules  studied  here  were 
not  quantum  mechanically  calculated  by  the  method  just  described. 
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Symmetry  considerations  dictate  that  in  formaldehyde,  for  example, 
the  APT  for  one  of  the  two  hydrogens  can  be  calculated  from  the 
APT  for  the  other  hydrogen.  Also,  the  APT  for  one  of  the  atoms 
in  a molecule  can  be  calculated  using  the  null  condition  (Eq.  (3-25)). 

Methanol 

Absolute  intensities  for  methanol  were  predicted  both  by 
transferring  APT's  from  other  molecules  and  by  quantum  mechanically 
calculating  the  APT's  for  methanol.  We  are  interested  in  comparing 
the  APT's  and  the  absolute  intensities  calculated  by  the  two  methods. 
We  wish  to  compare  also  the  signs  for  the  dipole  moment  derivatives 
predicted  by  the  transferred  APT's  with  the  signs  predicted  by  the 
quantum  mechanical  calculation.  The  quantum  mechanically  calculated 
signs  for  the  dipole  derivatives  were  used  to  derive  experimental 
APT's  for  methanol  (Chapter  4);  if  the  same  signs  were  also  predicted 
by  the  transferred  APT's,  we  would  be  confident  that  the  signs  we 
have  chosen  are  correct  for  methanol. 

APT's  and  Absolute  Intensities  for  Methanol 

We  shall  first  consider  the  method  by  which  APT's  from  various 
molecules  were  transferred  to  methanol.  The  APT  for  a hydroxyl 
hydrogen  in  another  molecule  might  be  expected  to  be  transferable 
to  the  hydroxyl  hydrogen  of  methanol.  The  only  other  molecule 
containing  a hydroxyl  group  for  which  experimental  APT's  have  been 
determined  is  water  (42) . We  shall  transfer  this  hydroxyl  hydrogen 
APT  from  water  to  methanol.  The  oxygen  APT  of  water  could  be  trans- 
ferred to  the  oxygen  atom  in  methanol  but  the  oxygen  atom  in  methanol 
is  bonded  to  a carbon  atom  rather  than  another  hydrogen,  and  the 
electrical  characteristics  of  the  oxygen  atom  may  be  different  in 
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methanol.  This  point  will  be  further  discussed  later  when  the  quantum 
mechanically  calculated  APT's  are  compared  with  the  transferred  APT's. 

Experimental  APT's  have  been  evaluated  for  the  methyl  halide 
series  CH^X(X  = F,  Cl,  Br,  or  I)  (51),  so  we  can  test  the  transfer- 
ability  of  the  methyl  hydrogen  APT's  from  this  series  to  the  methyl 
hydrogens  of  methanol.  The  elements  of  the  APT's  for  the  hydrogens 
in  the  CH^X  series  correlate  linearly  with  the  electronegativity  of 
the  X atom  (51) , so  CH^OH  might  be  expected  to  fit  in  the  CH^X  series. 
Consequently,  each  of  the  elements  of  the  APT's  for  the  methyl 
hydrogens  in  the  CH^X  series  was  plotted  against  the  electronegativity 
of  the  substituent  atom  (F,  Cl,  Br,  or  I).  The  electronegativities 
were  taken  from  values  given  by  Huheey  (62,63).  The  elements  of  the 
APT  for  the  methyl  hydrogens  of  methanol  were  then  read  off  the  plots 
using  the  electronegativity  of  the  OH  group  (3.5)  (62). 

Absolute  intensities  for  methanol  were  also  calculated  by  trans- 
ferring the  methyl  hydrogen  APT's  for  methanol  from  methyl  fluoride (51) . 
This  calculation  was  motivated  in  part  by  the  fact  that  the  experimental 
APT's  for  the  methyl  group  of  methanol  are  more  similar  to  those  for 
CH^F  than  electronegativity  considerations  would  suggest  (see  Chapter  4) . 
The  electronegativity  of  the  OH  group  (3.5)  falls  about  halfway 
between  the  values  for  CH^F  (4.0)  and  CH^Cl  (3.2)  (62). 

Atomic  polar  tensors  for  the  carbon  and  oxygen  atoms  of  methanol 
must  also  be  obtained.  The  APT  for  either  atom  could  be  calculated 
from  the  null  condition  (Eq.  (3-25));  both  of  these  possibilities 
were  investigated.  Determination  of  the  oxygen  APT  by  difference 
meant  that  the  carbon  APT  was  obtained  either  from  electronegativity 
considerations  (as  described  above  for  the  methyl  hydrogen  APT's)  or 
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from  methyl  fluoride.  We  also  transferred  the  oxygen  APT  from 
water  and  then  calculated  the  carbon  APT  from  the  null  condition, 
but  this  set  of  APT's  gave  poorly  predicted  intensities.  The  ab 
initio  calculations,  to  be  discussed  later,  show  that  the  oxygen 
APT  in  methanol  is  more  different  from  the  oxygen  APT  in  water 
than  the  carbon  APT  in  methanol  is  different  from  the  carbon  APT 
in  methyl  fluoride. 

The  two  sets  of  transferred  APT's  for  methanol  are  presented 
in  Table  5-1.  The  set  of  transferred  APT's  based  on  electro- 
negativity considerations  in  the  CH^X  series  (S  = F,  OH,  Cl,  Br, 
and  I)  will  be  referred  to  for  brevity  as  APT's  transferred  from 
CH^X.  The  APT's  transferred  from  CH^X  and  H^O  are  listed  in  the 
first  column  of  Table  5-1.  The  APT's  transferred  from  CH^F  and 

HO  to  methanol  are  shown  in  the  second  column  of  Table  5-1. 

2 

The  APT  for  only  one  of  the  two  out-of -plane  hydrogens  of  methanol 

is  presented  in  Table  5-1  since  these  two  hydrogen  APT's  are 

related.  The  hydrogen  atom  numbered  6 in  Fig.  4-2  is  related  to 

H by  a reflection  through  the  yz  plane.  Hence,  P (H  ) is  obtained 
5 X 6 

from  P (H  ) by  reversing  the  signs  in  the  APT  of  all  the  off- 
X 5 

diagonal  elements  involving  an  x component  of  either  the  dipole 
moment  or  the  atomic  displacement  direction. 

Also  presented  in  Table  5-1  are  the  quantum  mechanically  cal- 
culated APT's  for  methanol.  These  APT's  were  calculated  using  the 
GAUSSIAN  70  program  and  the  4-31G  basis  set  described  earlier.  For 
brevity,  these  APT.' s will  be  referred  to  as  ab  initio  APT's  since 
they  were  obtained  from  an  ab  initio  quantum  mechanical  calculation. 


The  APT  for  the  carbon  atom  of  methanol  was  not  calculated  quantum 


TABLE  5-1 

TRANSFERRED  AND  QUANTUM  MECHANICAL  APT'S  FOR  METHANOL 
THE  COORDINATE  SYSTEM  IS  SHOWN  IN  FIG.  4-2. 


115 


LO 

LO 

ro 

LD 

Ch 

o 

r- 

rH 

o 

o 

CM 

o 

o 

ro 

o 

o 

i — 1 

o 

o 

0 

1 

o 

o 

o 

T5 

0 

VD 

CM 

VD 

CM 

VD 

•H 

VD 

ro 

00 

in 

rH 

ro 

O 

rH 

CM 

-p 

o 

r- 

O 

uo 

o 

o 

r- 

o 

ro 

O 

ro 

•H 

• 

• 

• 

• 

• 

• 

• 

• 

• 

C 

o 

O 

o 

o 

o 

o 

O 

o 

O 

•rH 

1 

1 

A 

id 

ro 

CO 

r- 

in 

o 

o 

r- 

o 

o 

o 

o 

o 

o 

o 

i 


_ ^ 

— 

1 — 1 



uo 

00 

— 

in 

CM 

ro 

1 — 1 

VD 

rH 

i — 1 

0) 

o 

O 

ro 

o 

o 

ro 

o 

o 

< — 1 

v — 

• 

• 

• 

• 

• 

O 

o 

O 

o 

o 

U) 

1 

1 

c 

a 

o 

o 

p 

CM 

-p 

X 

LD 

rH 

ao 

cr> 

u 

UO 

rH 

O 

CM  O 

VD 

CM 

uo 

CD 

*3 

o 

CT> 

o 

vD 

o 

CM 

O 00 

o 

CM 

o 

CM 

rH 

C 

• 

* 

• 

• • 

• 

• 

• 

CD 

fd 

O 

o 

rH 

' 

0 

0 

O 

o 

o 

a) 

X 

p 

ro 

<d 

rd 

X 

r 

u 

rH 

VD 

o 

in 

0 

ro 

CO 

ro 

-P 

P 

ro 

o 

o 

uo 

O 

O 

ro 

o 

o 

•H 

MH 

• 

• 

• 

c 

O 

o 

o 

p 

T5 

1 

— 

_____ 

CD 

U 

U 

CD 

4-1 

C 

CT» 

in 

CM 

in 

CM 

rd 

in 

rH 

UO 

i — i 

i — 1 

U 

o 

o 

CM 

o 

o 

ro 

o 

o 

rH 

-P 

• 

• 

• 

• 

• 

o 

o 

o 

o 

O 

X! 

1 

1 

- 

O 

H 

CM 

(X 

X 

CO 

o 

cr> 

r- 

CT» 

C 

o 

CM 

CM  VD 

VD 

CM 

in 

T5 

o 

r- 

o 

o 

CT> 

O VD 

o 

CM 

O 

CM 

C 

• 

• 

• 

• • 

• 

• 

• 

cd 

o 

o 

o 

o o 

o 

o 

o 

X 

ro 

X 

cr> 

o 

o 

u 

uo 

r- 

ro 

CM 

o 

o 

UO 

o 

o 

ro 

o 

o 

O 



o 

1 

O 

rH 

1 — 1 

u 

u 

X 

X 

IX 

cm 

O 

X 

Oj 


<N 

O 


m 

x 


x 

a. 


n 

x 


X 


X 


continued 


TABLE  5-1-continued 


116 


T5 

0 

"d 

T5 

— ' — 

' - 

3 

0 

0 

r — 1 

CO 

1 — 1 

CO 

•H 

p 

Sh 

VO 

1 — 1 

00 

CM 

rd 

p 

Sh 

o 

O 

1 — 1 

o 

o 

O 

-p 

0 

0 

• 

• 

• 

• 

• 

XI 

44 

44 

O 

o 

o 

o 

o 

o 

(0 

CO 

1 

1 

1 

3 

3 

CO 

fd 

id 

•H 

Sh 

p 

-P 

-p 

VO 

CO 

CO 

IT) 

VO 

sc 

0 

0 

1 — 1 

l n 

cn 

in 

VO 

o 

u 

p 

o 

o 

o 

o 

o 

o 

o 

r—j 

u 

• 

0 

0 

• 

• 

• 

• 

• 

• 

• 

o 

X 

s 

s 

o 

o 

o 

c 

0 

1 

o 

o 

4-1 

Cp 

Eh 

Eh 

E-t 

3 

P 

C4 

P< 

•H 

< 

< 

CO 

3 

> 

VO 

o 

o 

r- 

r— 1 

(C 

c 

■ — 

r- 

CP 

VO 

0) 

o 

0 

0 

o 

o 

o 

r — 1 

o 

o 

X 

> 

CP 

CP 

X 

• 

• 

• 

• 

Eh 

0 

o 

o 

o 

o 

•H 

X 

X 

CO 

i 

0 • 

0 

3 

in 

X 

the 

ions 

0) 

•H 

CO 

rd 

VO 

CO 

in 

CO 

•H 

40 

VO 

CM 

CO 

CO 

CM 

X 

X 

-p 

X 

o 

o 

i — 1 

o 

o 

O 

*H 

Pi 

Sh  rd 

Sh 

• 

• 

• 

• 

• 

T5 

0 X 

0 

e> 

o 

o 

o 

o 

o 

3 

3 

44  0 

44 

i — 1 

1 

1 

1 

o 

•H 

P 

CO 

u 

•P  P 

-p 

1 

CO 

On  0 

a, 

1 — 1 

X 

0 o 

0 

1 — 1 

3 

u 

o 

<d 

r- 

& 

r- 

o 

3 

0) 

X X 

X 

o 

CO 

cr> 

CO 

o 

CM 

cp 

sc 

E 

0)  X 

0 

o 

o 

o 

o 

o 

o 

O 

o 

d) 

•«4 

3 

• 

• 

• 

• 

• 

• 

• 

0 

1 — 1 

in  > 

CO 

fd 

o 

o 

o 

o 

o 

o 

o 

X 

<D 

~ *rH 

- 

1 

1 

1 

■P 

Eh  X 

Eh 

i — 1 

Ph  id 

r- 

E 

fd 

rti  CP 

VO 

o 

3 

0 

- — • 

p 

o 

p 3 

P 

co 

in 

4-1 

Cp 

0 0 

0 

p 

r- 

r- 

in 

CO 

rd 

X !h 

X 

d 

o 

o 

o 

o 

o 

o 

T5 

•H 

X X 

■P 

P 

• 

• 

• 

• 

<1) 

"O 

0 U 

0 

CP 

o 

o 

o 

o 

X 

1 

0 

o 

rd 

4-1 

1 1 1 1 

1 — 1 

p 

u 

0 

fd 

fd 

o 

o 

CO 

rd 

0 

- 3 

r- 

vO 

CO 

vO 

CO 

CO 

u 

X 

-—h  -rH 

o 

o 

o 

o 

o 

■P 

CM  CO 

eg 

• 

• 

• 

• 

• 

CO 

3 

o 

o 

o 

o 

o 

o 

•H 

i — 1 

- — ■ 

— ■ 

H 

1 

1 

1 

i — 1 

in 

E 

fd 

O X 

o 

m 

o 

cm  m 

CM 

D 

-p 

44 

x — 

X 

C 

rd 

0 

o 

CM 

VO 

LO 

CM 

CO 

E in 

E 

CO 

o 

r- 

o 

CO 

o 

3 

CO 

0 01 

0 

CP 

o 

o 

o 

o 

o 

o 

o 

0 

c 

Sh  X 

Sh 

3 

• 

• 

• 

• 

• 

• 

• 

Cp 

CP 

44  -(4 

44 

•H 

o 

o 

o 

o 

o 

o 

o 

o 

X 

•rH 

i — 1 

CO 

1 

1 

1 

X 

U 1 

tj  id 

T5 

3 

0 

oj  X 

0 

0 

p 

Sh 

"d 

0 

X 

P r-H 

P * 

0 

1 — 1 

m 

CM 

r- 

X 

-p 

d)  X 

0 ^ 

V 

r** 

in 

VO 

X 

X X 

44  rH 

fd 

o 

o 

o 

o 

o 

o 

CP 

w x 

co  in 

• 

• 

• 

• 

p 

3 

C 01 

c — 

3 

o 

o 

o 

o 

o 

•rH 

fd  E 

0 

o 

1 

1 

4-1 

CO 

p 

p (p 

1 — 1 

' — 

. — — 

P 

■p  0 

-P  co 

fd 

Eh 

0 

X 

X 

u 

cu 

> 

— -P 

— a 

< 

a) 

CO 

co 

(0 

in 

m 

Sn 

x g 

X E 

- 

X 

sc 

k 

sc 

0 

— o 

0 

Eh 

' — ■ 

v— ' 

v — 

— 

X 

X 

X Sh 

X In 

X 

X 

X 

X 

Eh 

X 

P X 

C4  44 

P 

P 

<d 

X 

U 

T) 

117 


mechanically,  but  was  calculated  from  the  null  condition.  The  APT 
for  one  of  the  two  out-of -plane  hydrogens  in  the  methyl  group  was 
also  not  quantum  mechanically  calculated  because  the  APT  for  one 
of  the  out-of-plane  hydrogens  can  easily  be  obtained  from  the  APT 
for  the  other  out-of-plane  hydrogen. 

The  APT's  given  in  Table  5-1  were  used  in  conjunction  with  the 
A_  and  L matrices  given  in  Appendix  A for  both  sets  of  normal 
coordinates  (from  Mallinson  (56)  and  from  Blom,  Otto,  and  Altona  (59)) 
to  calculate  the  absolute  band  intensities  for  methanol  according  to 
Eq.  (3-34) . Although  both  sets  of  normal  coordinates  were  used 
together  with  each  of  the  three  sets  of  APT's  in  Table  5-1  to  predict 
the  absolute  intensities  for  methanol,  we  shall  present  the  results 
for  only  some  of  the  calculations.  Absolute  intensities  predicted 
for  methanol  using  the  three  sets  of  APT's  in  Table  5-1  are  compared 
with  experiment  in  Table  5-2. 

The  results  of  three  intensity  calculations  using  the  transferred 
APT's  for  methanol  are  given  in  Table  5-2.  The  APT's  transferred 
from  water  and  from  the  methyl  halides  (using  electronegativities) 
were  used  in  calculation  I to  predict  the  absolute  intensities  for 
methanol.  The  set  of  APT's  used  for  calculation  I are  given  in  the 
first  column  of  Table  5-1,  and  the  normal  coordinates  (the  L matrix) 
were  calculated  from  the  force  field  reported  by  Mallinson  (56)  for 
methanol.  Calculation  II  in  Table  5-2  made  use  of  the  APT's  trans- 
ferred from  water  and  methyl  fluoride.  These  APT's  are  listed  in 
the  second  column  of  Table  5-1.  The  normal  coordinates  used  in 
calculation  II  are  again  obtained  from  the  force  field  reported  by 
Mallinson.  A comparison  of  calculations  I and  II  thus  shows  the 
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TABLE  5-2 

PREDICTED  ABSOLUTE  INTENSITIES  FOR  METHANOL 
(units  are  km  mol-1) 


b 

Mode 

Q 

A (exp) 

A (pred. , 

d 

I 

transferred 

II® 

APT ' s ) 3 
IIIf 

A (pred. , 

ab  initio  APT's) 

V (3667) 

22 

19.7 

20.9 

28.3 

22.2 

V2 (3005) 

39 

14.1 

31.8 

33.5 

25.3 

Vg (2962) 

63 

13.6 

32.0 

32.2 

98.7 

\>3  (2848) 

28 

22.8 

25.8 

22.3 

40.8 

V4 (1474) 

1.2 

6.2 

4.3 

4.0 

2.1 

V (1466) 

1.6 

7.7 

6.1 

4.9 

2.1 

V (1451) 

7.1 

3.8 

1.6 

4.3 

3.9 

vr  (1335) 

D 

18.4 

42.8 

41.7 

32.2 

31.1 

V (1145) 

1.0 

1.9 

0.9 

0.  7 

5.9 

(1077) 

4 

2.7 

1.7 

15.3 

13.4 

V ( 1034 ) 

O 

96 

105 

170 

157 

127 

V (272 ) 

56 

99 

101 

101 

203 

The  APT  for  the  oxygen  atom  is  calculated  from  the  null  condition. 

See  Appendix  A for  normal  coordinate  data;  frequencies  are  from 
Mallinson  (56) . 

The  best  estimates  for  the  experimental  absolute  intensities  for 
methanol  are  taken  from  TABLE  2-2. 

Calculated  using  APT's  transferred  from  water  (42)  and  from  the 
methyl  halides  (51)  , using  electronegativity  correlations  for  the 
APT ; s of  the  methyl  group  atoms.  The  APT's  are  listed  in  the 
first  column  of  TABLE  5-1.  The  normal  coordinates  are  calculated 
from  the  force  field  for  methanol  reported  by  Mallinson  (56) . 


continued 
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TABLE  5-2-continued 


0 

Calculated  using  APT's  transferred  from  water  (42)  and  from 
methyl  fluoride  (51).  The  APT's  are  given  in  the  second 
column  of  TABLE  5-1.  The  normal  coordinates  are  again 
calculated  from  the  force  field  reported  by  Mallinson (56) . 

^Same  as  calculation  II,  except  that  the  normal  coordinates 
are  calculated  from  the  force  field  reported  by  Blom,  Otto, 
and  Altona  (59) . 

^Calculated  using  the  ab  initio  APT's  for  methanol.  The  quantum 
mechanical  APT's  are  given  in  the  third  column  of  TABLE  5-1. 

The  L matrix  is  the  same  as  used  for  calculation  I. 
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effect  of  transferring  APT's  for  the  methyl  group  atoms  from  CH^F 
rather  than  CH^X.  Calculation  III  uses  the  APT's  transferred  from 
methyl  fluoride  and  from  water,  but  the  normal  coordinates  were 
derived  from  the  force  field  reported  by  Blom,  Otto,  and  Altona  (59) 
for  methanol.  Calculations  II  and  III  thus  illustrate  the 
dependence  on  the  normal  coordinates  of  the  predicted  absolute 
intensities.  The  A_  and  L matrices  for  the  two  force  fields  con- 
sidered for  methanol  are  presented  in  Appendix  A. 

The  absolute  intensities  predicted  by  the  quantum  mechanically 
calculated  APT's  for  methanol  are  presented  in  the  last  column  of 
Table  5-2.  These  intensities  were  calculated  using  the  ab  initio 
APT's  given  in  Table  5-1  and  the  normal  coordinates  derived  from  the 
force  field  reported  by  Mallinson  (56)  for  methanol. 

Discussion  of  Results  for  Methanol 
Predicted  absolute  intensities 

We  shall  first  consider  the  absolute  intensities  predicted  for 
methanol  using  APT's  transferred  from  water  and  from  the  methyl 
halide  series,  based  on  electronegativity  considerations.  Here  we 
refer  to  calculation  I in  Table  5-2.  The  normal  coordinates  for 
this  calculation  were  derived  from  the  force  field  for  methanol 
reported  by  Mallinson  (56) . 

Considering  first  the  absolute  intensities  predicted  for  the 
vibrations  of  the  COH  group,  we  see  that  the  intensity  predicted 
(20  km  mol  "S  for  the  O-H  stretch,  V , is  almost  the  same  as  the 
experimental  value  (22  km  mol  ^) . The  COH  bending  mode  (v^) , 
however,  is  predicted  to  be  too  intense  by  a factor  of  two.  The 
absolute  intensity  predicted  for  the  C-0  stretch  (V  ) is  within 

O 
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the  10%  uncertainity  of  the  experimental  value.  Finally,  the 
0-H  torsion  (V  ) is  predicted  to  have  an  absolute  intensity  too 
large  by  a factor  of  almost  two.  The  predicted  intensities  for 
the  two  deformation  modes  of  the  COH  group  thus  agree  poorly  with 
experiment  (though  the  predicted  values  are  both  within  a factor 
of  two)  while  the  two  stretching  modes  have  intensities  that  are 
predicted  very  well  by  the  transferred  APT's.  Although  the  in- 
tensities predicted  by  calculation  I,  modified  to  obtain  the  carbon 
APT  from  the  null  condition,  are  not  reported  in  Table  5-2,  the 
only  significant  change  in  the  predicted  intensities  for  the  above 
vibrations  was  that  the  intensity  predicted  for  the  C-0  stretch 
was  too  low  by  a factor  of  four. 

The  absolute  intensities  predicted  by  calculation  I for  the 
methyl  group  vibrations,  however,  are  in  generally  poor  agreement 
with  experiment.  Although  the  intensity  predicted  for  the  symmetric 
C-H  stretch  (v^)  compares  favorably  with  experiment,  the  total 
intensity  predicted  for  the  other  two  C-H  stretches  (v^  and  V^) 
is  too  low  by  a factor  of  almost  four.  The  experimental  values 
for  the  absolute  intensities  of  methyl  group  deformation  modes 
are  perhaps  less  accurate  because  the  intensities  are  small,  but 
the  predicted  intensities  do  not  appear  to  agree  well.  Certainly 
the  intensity  distribution  predicted  by  calculation  I for  V ,V^0, 
and  V seems  to  be  inverted.  The  intensity  predictions  for  the 
methyl  group  vibrations  are  also  more  poorly  predicted  when  the 
carbon  APT  rather  than  the  oxygen  APT  is  calculated  from  the  null 
condition.  Based  on  the  discrepancies  in  the  predicted  intensities 
for  the  methyl  group  vibrations,  we  conclude  that  the  APT's  for 
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the  methyl  hydrogens  of  methanol  are  not  correctly  given  by  a 
consideration  of  the  electronegativities  of  the  substituent  atom 
or  group  in  the  CH^X  series.  The  result  of  transferring  the  APT's 
for  the  atoms  in  the  methyl  group  from  methyl  fluoride  is  therefore 
next  considered. 

The  absolute  intensities  predicted  for  the  vibrational  modes  of 
methanol  were  found  to  be  in  much  better  agreement  with  experiment 
when  the  APT's  for  the  methyl  group  were  transferred  from  methyl 
fluoride  (calculation  II  in  Table  5-2)  . The  prediction  of  the 
intensity  for  the  C-0  stretching  vibration  has  somewhat  worsened 
(170  km  mol  predicted,  96  km  mol  ^ measured),  but  this  is  more 
than  offset  by  the  increased  accuracy  in  prediction  of  the  inten- 
sities for  the  methyl  group  vibrations.  The  C-H  stretching  region 

has  only  one  mode,  the  antisymmetric  stretch  (V  ) , for  which  the 

9 

intensity  is  poorly  predicted  (a  factor  of  two  too  low) . The 
predicted  intensity  of  the  0-H  torsional  mode  is  still  too  large 
by  a factor  of  almost  two,  but  most  of  the  remaining  vibrational 
modes  have  intensities  that  are  predicted  quite  well. 

The  absolute  intensities  calculated  from  the  APT's  depend  upon 
the  normal  coordinates  (see  Eq.  (3-34)),  so  we  wish  to  examine  also 
the  effect  of  the  L matrix  on  the  predicted  intensities  for  methanol. 
As  discussed  in  Chapter  4,  we  have  calculated  two  sets  of  normal 
coordinates  for  methanol,  one  set  using  the  experimental  force  field 
reported  by  Mallinson  (56)  and  the  other  set  using  the  scaled 
ab  initio  force  field  reported  by  Blom,  Otto,  and  Altona  (59) . 

We  also  explained  in  Chapter  4 why  we  expect  the  force  field  reported 


by  Mallinson  to  be  the  better  one  for  methanol. 
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Calculations  II  and  III  in  Table  5-2  are  identical  except 
that  calculation  II  uses  the  L matrix  from  Mallinson  (56),  while 
calculation  III  uses  the  L matrix  from  Blom  et  al.  (59) . The 
differences  in  the  intensities  predicted  using  the  two  different 
L matrices  are  for  the  most  part  small.  The  intensity  of  the  0-H 
stretch  is  predicted  to  be  more  intense  by  the  L matrix  from  Blom 
et  al.;  the  intensity  predicted  for  the  0-H  bending  mode  (v^) 
compares  more  favorably  with  experiment  using  the  .L  from  Blom  et  al. 
The  intensities  calculated  with  the  different  L matrices  also 
differ  in  the  predicted  intensity  ratio  between  V^,  a CH^  deforma- 
tion mode,  and  V , the  C-0  stretch.  We  shall  return  to  a discussion 

O 

of  the  intensity  ratio  of  V to  V later. 

/ O 

The  final  set  of  predicted  intensities  listed  in  Table  5-2 
were  calculated  using  the  quantum  mechanically  calculated  APT's 
for  methanol  and  the  L matrix  from  Mallinson  (56) . The  quantum 
mechanical  calculation  using  the  4-31G  basis  set  predicts  perfectly 
the  absolute  intensity  for  the  0-H  stretch  (V^) . The  intensity 
for  the  C-0  stretching  vibration  (V  ) is  also  predicted  well, 

O 

but  the  intensities  for  the  other  two  vibrations  of  the  COH  group 
are  more  poorly  reproduced  by  the  quantum  mechanical  calculation. 

The  intensity  for  the  COH  bending  mode  (V  ) is  calculated  to  be 
too  large,  but  the  predicted  value  is  within  a factor  of  two;  the 
0-H  torsional  mode  (V.^),  however,  is  predicted  to  have  an  absolute 
intensity  four  times  larger  than  the  experimental  value.  These 
results  for  the  intensities  of  the  vibrations  involving  the  oxygen 
are  in  accord  with  the  experience  that  the  4-31G  basis  set,  although 
suitable  for  intensities  involving  motion  along  the  bonds,  is 
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inadequate  for  calculating  intensities  which  involve  large  con- 
tributions from  lone  pairs  of  electrons,  such  as  the  0-H  torsion 
(77)  . 

The  quantum  mechanically  calculated  intensities  for  the 

vibrations  of  the  methyl  group  are  all  calculated  within  a factor 

of  two  of  the  experimental  values  except  the  parallel  (V  ) and 

perpendicular  (V  ) twisting  modes  of  the  methyl  group.  The  intensity 

ratio  for  V to  V is  especially  interesting.  The  quantum  mechanical 

predicts  that  V is  almost  11%  as  intense  as  the  C-0  stretch  (V  ) . 

/ 8 

Such  a large  intensity  for  V is  difficult  to  accept  because  the 

experimental  spectrum  of  the  C-0  stretching  region  of  methanol  does 

not  seem  to  indicate  that  is  nearly  that  intense.  If  the  intensity 

of  V (at  1077  cm  "*")  were  11%  of  the  intensity  of  V (at  1034  cm  "S  , 

/ 8 

one  would  expect  to  see  a much  more  intense  R-branch  in  Fig.  2-3. 

Based  on  the  experimental  evidence,  the  value  of  about  4%  calculated 
by  Serrallach,  Meyer,  and  Gunthard  (32)  appears  more  reasonable. 

A much  lower  intensity  for  is  also  suggested  by  the  predicted 
intensities  using  the  transferred  APT's  for  methanol  (calculations 
I and  II  in  Table  5-2) . 

Simulated  spectra 

The  intensities  predicted  for  methanol  may  be  compared  visually 
by  plotting  "simulated  spectra"  using  the  absolute  intensities  given 
in  Table  5-2.  The  simulated  spectra  may  then  be  directly  compared 
with  the  experimentally  observed  spectrum.  A detailed  description  of 
how  these  and  all  other  simulated  spectra  we  shall  present  were 
plotted  is  explained  in  Appendix  B.  The  procedure  is  outlined  here. 
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First,  no  attempt  has  been  made  to  reproduce  the  P,  Q,  R or  P,  R 
structure  that  is  present  for  many  of  the  absorption  bands;  rather, 
Gaussian  functions  are  fitted  to  the  broad  contours  of  the  bands. 
Full  widths  at  half  maximum  (FWHM)  are  estimated  from  the  experi- 
mental absorption  spectra;  these  values  are  listed  in  Appendix  B. 
One  final  point  is  that  only  as  many  Gaussian  functions  are  used  as 
bands  can  be  discerned  in  the  experimental  spectrum.  In  the  C-H 
stretching  region  around  3000  cm  ^ of  the  gas  phase  spectrum  of 
methanol  (see  Fig.  5-1  (c) ) , we  observe  only  two  distinct,  but 
partially  overlapped  bands;  therefore  we  use  only  two  Gaussian 
functions  to  describe  this  region.  The  Gaussian  function  for  the 
higher  frequency  band  contains  the  intensities  due  to  both  V and 
• The  Gaussian  function  for  the  lower  frequency  band  contains 
only  the  intensity  for  V . We  have  chosen  this  procedure  because 
we  have  no  easy  way  of  estimating  half-widths  for  gas  phase  spectral 
bands  that  are  very  much  overlapped.  The  predicted  absolute  in- 
tensities were  then  used  together  with  the  Gaussian  parameters  to 
calculate  the  percent  transmittance  as  a function  of  wavenumber. 

The  cell  pathlength  and  sample  pressure  were  chosen  to  be  the  same 
as  was  used  to  measure  the  experimental  spectrum. 

The  simulated  spectrum  using  the  intensities  predicted  for 
methanol  using  APT's  transferred  from  CH^F  and  H^O  (calculation  II) 
is  shown  in  Fig.  5-1 (a).  Shown  in  Fig.  5-1 (b)  is  the  simulated 
spectrum  for  methanol  using  the  quantum  mechanically  calculated 
APT's.  These  two  simulated  spectra  may  be  compared  with  the  ex- 
perimentally observed  spectrum  for  methanol,  shown  in  Fig.  5-l(c). 


Fig.  5-1.  Comparison  of  simulated  and  experimental  spectra  for 
methanol.  All  three  spectra  are  plotted  for  3.04  kPa 
of  methanol  in  a 10.2  cm  cell. 

(a)  Simulated  spectrum  of  methanol  using  absolute 
intensities  predicted  by  transferring  APT's  from 
methyl  fluoride  and  water. 

(b)  Simulated  spectrum  using  quantum  mechanically 
calculated  intensities. 

(c)  Experimental  spectrum  of  methanol  measured  with 
the  Nicolet  Model  7199  FT-IR. 
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The  experimental  spectrum  was  measured  with  the  Nicolet  Model  7199 
FT-IR;  the  pressure  of  methanol  was  3.04  kPa  in  a 10.2  cm  cell. 

The  two  simulated  spectra  in  Fig.  5-1  are  plotted  for  the  same 
pathlength  and  sample  pressure. 

Comparison  of  the  simulated  spectrum  based  on  the  transferred 
APT's  (Fig.  5-1 (a))  with  the  experimental  spectrum  (Fig.  5-l(c)) 
shows  that  the  most  obvious  discrepancy  between  prediction  and 
experiment  occurs  in  the  methyl  group  and  hydroxyl  group  bending 
region  (the  bands  near  1400  cm  "S  . The  transferred  APT's  predict 
a much  stronger  absorption  in  this  region  than  is  present  in 
the  experimental  spectrum.  The  two  spectra  agree  very  well  over 
all,  with  most  of  the  band  intensities  predicted  within  a factor 
of  two,  and  the  predicted  relative  intensities  of  the  bands  cer- 
tainly agree  with  the  experimental  spectrum  of  methanol.  We  thus 
conclude  that  the  APT's  transf erred  to  methanol  from  CH^F  and  H^O 
predict  the  intensities  of  the  spectrum  of  methanol  within  a factor 
of  two. 

The  experimental  spectrum  and  the  simulated  spectrum  based  on 
the  transferred  APT's  may  be  compared  also  with  the  simulated  spectrum 
(Fig.  5-1 (b))  based  on  the  quantum  mechanically  calculated  APT's 
for  methanol.  As  with  the  transferred  APT's  the  "ab  initio"  APT's 
have  overestimated  the  intensity  in  the  C-H  and  0-H  bend  region 
near  1400  cm  . The  ab  initio  APT's  also  overestimate  the  intensities 
in  the  C-H  stretching  region  near  3000  cm  ^ and  in  the  C-0  stretch- 
ing region  near  1000  cm  1,  but  both  predictions  are  within  a factor 
of  two.  The  intensity  for  the  0-H  stretch  (3667  cm  ) , on  the  other 


hand,  is  perfectly  predicted  by  the  quantum  mechanical  calculation. 
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Comparison  of  the  simulated  spectra  based  on  the  transferred  APT's 
and  based  on  the  quantum  mechanically  calculated  APT's  shows  few 
differences; only  the  intensity  for  the  C-H  stretching  region  visually 
differs  in  the  two  spectra.  While  the  transferred  APT's  appear  to 
underestimate  the  intensity  in  the  C-H  stretching  region,  the 
ab  initio  APT's  have  overestimated  this  intensity. 

We  conclude  this  discussion  of  the  comparison  of  the  simulated 
spectra  with  the  experimental  spectrum  of  methanol  by  emphasizing 
some  general  observations.  The  APT's  transferred  from  methyl  fluoride 
and  from  water  predict  almost  all  of  the  intensities  for  methanol 
within  a factor  of  two.  Some  of  the  more  intense  bands  are  predicted 
much  better  than  this,  and  of  course  the  predicted  intensities  for 
some  of  the  weak  bands  are  predicted  worse  than  a factor  of  two. 

The  same  factor-of-two  agreement  was  found  also  for  the  quantum 
mechanically  predicted  intensities.  Because  of  possible  uncertanties 
in  the  normal  coordinates  for  methanol  (see  calculations  II  and  III 
in  Table  5-2) , this  factor-of-two  agreement  is  very  good. 

Comparison  of  APT's  for  methanol 

We  now  examine  the  APT's  transferred  from  CH^F  and  H^O,  the 
quantum  mechanically  calculated  APT's,  and  the  experimental  APT's 
derived  in  Chapter  4 to  see  if  we  may  draw  any  conclusions  about 
the  factor-of-two  disagreements  in  the  predicted  intensities  for 
methanol.  The  APT's  for  the  hydroxyl  group  will  be  discussed  first. 


(See  Table  5-3) . 


COMPARISON  OF  APT'S 
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The  transferred  and  ab  initio  APT's  for  the  hydroxyl  hydrogen 
(H^)  obviously  predict  a much  larger  dipole  moment  change  in 
3px/9x  than  is  indicated  by  the  experimental  APT.  Since  x is  out- 
of -plane  direction  (Fig.  4-2),  this  is  why  the  intensity  predicted 
for  the  0-H  torsion  by  both  the  transferred  APT's  and  the  ab  initio 
APT's  is  much  too  large.  The  other  differences  in  the  three  APT's 
are  somewhat  smaller,  although  the  3p  /3y  value  is  overestimated 
by  the  quantum  mechanical  calculation.  These  large  dipole  derivatives 
predicted  by  the  ab  initio  calculation  are  probably  due  to  the 
inadequate  description  by  the  4-31G  basis  set  of  the  lone  pairs  of 
electrons  on  the  oxygen  atom.  Indeed,  the  ab  initio  APT  for  the 
oxygen  also  shows  a 3p^/3x  value  that  is  larger  than  experiment. 

The  other  elements  of  the  oxygen  APT  are  well  predicted  by  the  ab 
initio  calculation.  The  effective  charge  of  the  oxygen  atom  is 
predicted  perfectly  by  the  ab  initio  calculation. 

If  we  recall  that  the  oxygen  APT  for  methanol  was  calculated 
using  the  null  condition  when  APT's  were  transferred  to  methanol, 
the  agreement  between  the  predicted  APT  for  oxygen  and  the  experi- 
mental APT  is  most  impressive.  Of  course,  the  predicted  value  for 
3p^/3y  is  too  large,  and  this  is  one  of  the  reasons  that  the  pre- 
dicted intensity  of  the  C-0  stretch  was  much  too  large  when  APT's 
were  transferred  to  methanol. 

If  the  experimental  APT's  for  the  carbon  and  oxygen  atoms  are 
compared  with  the  ab  initio  APT's  and  also  with  the  transferred  APT's, 
we  see  that  the  carbon  APT  transferred  from  CH^F  agrees  very  well 
with  both  the  experimental  APT  for  carbon  and  the  ab  initio  APT  for 
One  discrepancy  is  that  because  the  carbon  in  CH^F  is  on 


carbon . 
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a C3  axis,  the  APT  is  diagonal;  in  methanol,  however,  this  symmetry 
constraint  is  removed  and  the  APT  for  carbon  is  no  longer  diagonal. 

If,  however,  the  APT  for  oxygen  had  been  transferred  from  water, 
and  the  carbon  APT  calculated  from  the  null  condition,  the  results 
would  be  quite  different.  The  oxygen  APT  transferred  from  water 
to  methanol  is  given  in  Table  5-4.  The  carbon  APT  that  would 
then  be  calculated  from  the  null  condition  is  also  indicated.  In 
this  case,  the  oxygen  APT  transferred  from  water  to  methanol  does 
not  agree  as  well  with  either  the  experimental  APT  or  the  ab  initio 
APT  for  the  oxygen  atom  in  methanol.  The  element  related  to  the 
C-0  stretch,  9p^/9y,  in  the  transferred  APT  for  oxygen  is  only  half 
as  large  as  it  should  be.  If  we  now  examine  in  Table  5-4  the  carbon 
APT  calculated  from  the  null  condition,  we  find  poor  agreement  with 
the  experimental  or  ab  initio  APT  for  the  carbon  atom,  just  as  the 
oxygen  APT  transferred  from  water  did  not  agree.  In  fact,  the 
carbon  APT  calculated  from  the  null  condition  is  especially  incorrect 
for  methanol.  The  effective  charge  is  only  half  of  what  if  should 
be,  and  the  9p^/9y  element  is  only  one  fifth  the  value  for  the 
experimental  APT.  Based  on  both  the  experimentally  derived  APT's  for 
methanol  and  the  ab  initio  APT 1 s , we  thus  conclude  that  the  carbon 
APT  should  be  transferred  and  the  oxygen  APT  calculated  by  difference. 
The  carbon  APT  is  transferable  from  CH^F  to  CH^OH  because  the  very 
electronegative  fluorine  atom  to  which  the  carbon  is  bonded  is  replaced 
by  the  OH  group  which  is  also  quite  electronegative  (63) . The  oxygen 
APT  in  water,  however,  is  not  transferable  to  methanol  because 
replacing  a hydrogen  by  a methyl  group  causes  a substantial  change 


in  the  electrical  properties  of  the  oxygen  atom.  (Compare  the  ab  initio 
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TABLE  5-4 

APT'S  RESULTING  FROM  TRANSFERRING  THE  OXYGEN  APT  FROM  WATER. 
THE  COORDINATE  SYSTEM  IS  THAT  SHOWN  IN  FIG.  4-2 


px(°> 


vc>  - 


(units  are  e) 
-0.659 


0 

0 


0.405 

0 

0 


0 

-0.410 
-0.075 
X (O)  = 0.50 

0 

0.164 

0.104 

X(C)  = 0.32 


0 \ 
-0.075 
-0.348 


transferred  to  methanol  from  water  (42) 

^Calculated  from  the  null  condition  using  the  APT's 
for  the  hydrogens  given  in  the  second  column  of 
TABLE  5-1 
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APT  given  in  Table  5-3  for  the  oxygen  APT  in  methanol  with  the 
oxygen  APT,  transferred  from  water,  in  Table  5-4.) 

Finally,  we  compare  the  transferred  and  ab  initio  APT's  for 
the  methyl  hydrogens  with  the  experimental  APT's.  (Here  we  are 

comparing  the  hydrogens  referred  to  as  H and  H in  Table  5-3) . 

4 5 

The  quantum  mechanically  predicted  effective  charges  differ 
dramatically  for  the  methyl  hydrogen  in  the  symmetry  plane  of  the 
molecule  and  the  methyl  out-of-plane  hydrogen  (0.09e  v£.  0.14e, 
respectively) . This  difference  is  also  apparent,  but  to  a lesser 
degree,  for  the  experimental  APT's.  The  transferred  APT's  do 
not  show  this  effect  because  the  APT's  were  transferred  from  CH^F 
for  which  the  hydrogens  are  equivalent.  The  differences  in  the 
three  sets  of  APT's  for  the  methyl  hydrogens  are  much  less  obvious 
than  for  the  APT's  for  some  of  the  other  atoms  in  methanol.  The 
APT  for  the  out-of-plane  hdyrogen  is  especially  difficult  to  compare 
because  all  nine  elements  are  nonzero.  We  can  see,  though,  that 
the  hydrogen  APT's  transferred  from  methyl  fluoride  compare  favorably 
with  both  the  ab  initio  APT's  and  the  experimental  APT's.  The 
small  changes  that  we  observe  in  Table  5-3  for  the  methyl  hydrogen 
APT's  are,  however,  significant  as  the  simulated  spectra  using  the 
intensities  predicted  by  the  transferred  APT's  (Fig.  5-1 (a))  and 
using  the  quantum  mechanically  calculated  intensities  (Fig.  5-1 (b) ) 


are  different  in  appearance. 
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P matrices  for  methanol 

=2 

Experimental  APT's  were  derived  in  Chapter  4 for  methanol. 

This  required  that  the  signs  for  the  dipole  derivatives  with 
respect  to  the  normal  coordinates  be  determined.  Some  assumptions 
about  the  directions  of  the  dipole  moment  changes  for  the  vibra- 
tions of  a'  symmetry  had  to  be  also  made.  These  two  questions, 
the  signs  and  directions  of  the  dipole  moment  changes,  will  now 
be  considered  in  more  detail. 

Both  the  transferred  APT's  and  the  ab  initio  APT's,  when  trans- 
formed to  the  P^  matrix,  provide  information  concerning  the  sign 
and  direction  of  each  dipole  derivative.  We  present  in  Table  5-5 
the  magnitudes  for  the  P^  elements  calculated  from  the  measured 
absolute  intensities  for  methanol.  (See  Chapter  4.)  The  P^ 
matrices  calculated  from  the  APT's  transferred  from  CH^F  and  H^O 
and  the  APT's  calculated  quantum  mechanically  are  given  also  in 
Table  5-5.  The  comparison  between  the  quantum  mechanically  cal- 
culated P matrix  and  the  P matrix  predicted  by  the  transferred 

-Q  “Q 

APT's  is  remarkable:  both  P^  matrices  predict  the  same  signs  for 

the  nonzero  elements  in  the  experimental  P^  matrix.  We  would  have 
deduced  the  same  set  of  signs  as  predicted  by  the  ab  initio  quantum 
mechanical  calculation  if  we  had  simply  used  the  signs  predicted 
by  the  APT's  transferred  from  CH^F  and  H^O  (calculation  II  in 
Table  5-2) . We  should  point  out  that  the  same  set  of  signs  is  pre- 
dicted also  by  the  APT's  transferred  from  the  CH^X  series  and  H^O 
(calculation  I in  Table  5-2) . It  is  interesting  to  speculate  that 
transferred  APT's  which  predict  intensities  within  a factor  of  two 
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for  organic  molecules  perhaps  also  predict  reasonably  well  the 

signs  for  the  dipole  derivatives.  In  any  case,  because  the  signs 

of  the  dipole  derivatives  for  methanol  are  consistently  predicted 

no  matter  how  the  APT's  are  obtained  (transferred  or  calculated 

quantum  mechanically) , we  can  be  confident  that  we  have  chosen  the 

correct  set  of  signs  to  derive  the  experimental  APT's  for  methanol. 

The  two  predicted  P^  matrices  for  methanol  also  indicate  the 

direction  of  the  dipole  derivatives;  that  is,  the  distribution  of 
— ^ 

3p/8Q^  among  the  y and  z components  in  the  P^  matrix.  The  use  of 
C3v  symmetry  to  describe  the  methyl  group  vibrations  of  a 1 symmetry 
(\>2 , , V^,  , and  v^)  is  well  justified  by  both  the  P^  matrix 

calculated  from  the  transferred  APT's  and  the  P matrix  calculated 

~Q 

quantum  mechanically.  A discrepancy  occurs  for  V where  the  cal- 
culations indicate  that  a change  in  9p  /9Q_  occurs  as  well  as  the 

z 5 

change  in  9p^/9Q^  we  assumed  for  the  experimental  P^  matrix.  The 
other  discrepancy  occurs  for  V^;  however,  the  intensity  for  this 
mode  was  discussed  earlier  when  it  was  pointed  out  that  the  in- 
tensities predicted  by  either  of  the  two  calculations  seem  to  be 
much  to  large  when  compared  to  the  experimental  spectrum  (Fig.  2-3)  . 
The  low  absolute  intensities  measured  for  V and  V7  means  that 
these  dipole  derivatives  will  not  make  a large  contribution  to  the 
APT's,  so  the  exact  direction  of  the  dipole  derivatives  for  V 
and  are  not  so  important. 

The  other  three  vibrations  of  a ' symmetry  involve  the  COH  group 
of  methanol.  The  dipole  derivative  for  the  C-0  stretch  (V  ) 
certainly  follows  the  C-0  bond,  as  we  assumed  in  Chapter  4.  This 
direction  is  indicated  by  both  the  transferred  APT's  and  the  ab  initio 
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APT's.  Taking  the  dipole  moment  change  for  the  0-H  stretch  (V^) 
to  be  directed  along  the  0-H  bond  is  also  qualitatively  confirmed 
by  the  calculated  matrices.  The  calculations  indicate  that  the 
dipole  derivative  direction  for  the  0-H  bending  mode  (V  ) which 
we  assumed  to  be  perpendicular  to  the  0-H  bond  is  also  reasonable. 
From  the  comparisons  of  the  signs  and  directions  of  the  dipole 
derivatives  in  the  predicted  P^  matrices,  we  may  be  reasonably 
confident  of  the  APT's  derived  from  the  experimental  absolute  in- 
tensities for  methanol. 


Ethanol 

We  now  consider  the  prediction  of  absolute  intensities  for 
the  twenty-one  vibrational  modes  of  ethanol.  The  intensities  for 
ethanol  will  be  predicted  by  transferring  APT's  from  other  molecules. 
The  APT's  for  some  of  the  atoms  in  ethanol  were  also  quantum 
mechanically  calculated;  these  "ab  initio"  APT's  will  be  compared 
with  the  APT's  transf erred  to  ethanol  and  with  the  ab  initio  APT's 
for  methanol. 

APT's  and  Absolute  Intensities  for  Ethanol 

The  APT's  for  the  hydroxyl  hydrogen  and  oxygen  of  ethanol  were 
transferred  from  the  experimental  APT's  derived  for  these  atoms  in 
methanol  (Table  4-9).  The  APT's  for  the  out-of-plane  hydrogens  of 
the  methyl  group  in  methanol  (Table  4-10)  were  transferred  to  the 
methylene  hydrogens  in  ethanol.  Intensities  calculated  for  ethanol 
using  an  average  APT  for  the  methyl  hydrogens  in  methanol  (Table  4-12) 
were  in  worse  agreement  with  the  experimental  intensities  and  shall 
not  be  presented.  The  APT's  for  the  atoms  in  the  methyl  group  of 
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ethanol  were  transferred  either  from  ethane  (61)  or  from  methane  (78) . 
Either  the  methyl  or  the  methylene  carbon  could  be  calculated  from 
the  null  condition,  and  both  possibilities  were  investigated. 

The  APT's  transferred  to  ethanol  from  other  molecules  are  pre- 
sented in  Table  5-6;  the  coordinate  system  and  atomic  numbering  system 
is  shown  in  Fig.  5-2.  The  quantum  mechanically  calculated  APT's 
for  some  of  the  atoms  of  ethanol  are  also  shown  for  comparison;  we 
did  not  do  quantum  mechanical  calculations  to  obtain  every  APT  for 
ethanol.  Only  the  independent  APT's  are  listed  in  Table  5-6;  the 
methyl  and  methylene  out-of-plane  hydrogens  are  related  by  reflection 
through  the  xz  plane  in  Fig.  5-2.  Thus,  P (H  ) may  be  obtained  from 

A ^ 

P (H  ) by  reversing  the  signs  of  all  off-diagonal  elements  in  P (H  ) 

XI  XI 

involving  y. 

Either  carbon  APT  might  be  expected  to  be  not  transferable, 
and  we  have  calculated  intensities  for  ethanol  using  the  assumption 
that  the  methylene  carbon  APT  was  transferable  and  also  the  assump- 
tion that  the  methyl  carbon  APT  was  transferable.  For  either  assumption 
the  APT  for  the  other  carbon  atom  is  then  determined  by  the  null 
condition.  The  various  APT's  based  on  these  assumptions  for  the 
methyl  and  methylene  carbon  atoms  are  shown  in  Table  5-7. 

The  absolute  intensities  we  have  calculated  for  ethanol  using 
various  combinations  of  the  APT's  given  in  Tables  5-6  and  5-7  are 
presented  in  Table  5-8.  The  predicted  absolute  intensities  are 
compared  with  the  experimental  absolute  intensities  we  measured  for 
ethanol  (Table  2-3) . The  absolute  intensities  predicted  for  ethanol 
using  APT's  transferred  from  methanol  and  ethane  are  shown  in 
calculation  I . The  APT  for  the  methyl  carbon  was  calculated  by 
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Fig.  5-2.  Cartesian  coordinate  system  for  ethanol.  Here  both 
x and  z lie  in  the  CgC70g  plane  with  x also  in  the 
HgC7H2  plane.  The  y axis  is  directed  perpendicular 
to  the  symmetry  plane  of  the  molecule  and  determined 
by  the  right  hand  rule 
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TABLE  5-6 

TRANSFERRED  AND  QUANTUM  MECHANICAL  APT'S  FOR  ETHANOL. 

THE  COORDINATE  SYSTEM  AND  NUMBERING  SCHEME  ARE  SHOWN  IN  FIG. 5-2. 

(units  are  electrons  (e) ) 


VHl)C 

X (Hi) 

VH6> 

X(h6) 
PX  (09) 

X(09) 

PX(H3)6 

X(H3) 

Rx(h5) 

X(H5) 


APT's  transferred  from: 
CH^OHa 


-0.042 

0.071 

-0.001' 

0.119 

-0.110 

-0.013 

\ -0.056 

0.022 

-0.019/ 

0.11 

0.129 

0 

-0.028\ 

0 

0.260 

0 

\ 0.060 

0 

0.174/ 

0.20 

-0 . 454 

0 

-0.287\ 

0 

-0.444 

0 

\-0.218 

0 

-0.725/ 

0.59 

/ -0.026 

-0. 116 

-0.002\ 

-0.093 

-0.094 

-0.019 

\ 0.020 

0.013 

0.040/ 

0. 11 

1-0 . 025 

0 

-0 . 070\ 

0 

0.055 

0 

\-0.115 

0 

-0.111/ 

0.11 


ab  initio  APT's 


-0 . 095 

0.138 

-0.003\ 

0.117 

-0.149 

-0.021 

\-0.022 

-0.016 

-0.048 

0.15 

0.195 

0 

CO 

o 

o 

0 

0.436 

0 

0.146 

0 

0.221 / 

0.32 

/ -0.493 

0 

-0.275\ 

1 ° 

-0.722 

0 

\ -0.292 

0 

-0.884 

0.75 

not 

calculated 


not 

calculated 


continued 
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TABLE  5-6-continued 


/ 0.019 

-0.078 

0 .032 \ 

Px(H3)e 

-0.078 

-0.070 

0.055 

0.032 

0.055 

0.041 

X(H3) 

0.10 

1 0.0 

0 

-0 . 093 \ 

PX(h5) 

0 

0.064 

0 

1-0.093 

0 

-0.074  / 

X(H5) 

0.10 

not 

calculated 


not 

calculated 


aTaken  from  TABLES  4-9  and  4-10.  Here  we  transfer  the  APT's  for 
the  out-of-plane  hydrogens  in  methanol  to  the  methylene  hydrogens 
in  ethanol. 

bQuantum  mechanically  calculated  APT's  using  the  GAUSSIAN  70  program 
with  a 4-31G  basis  set. 

CP  (H2)  may  be  obtained  by  reversing  the  signs  of  all  the  off-diagonal 
elements  in  P (Hi)  involving  y. 

j 

Transferred  from  ethane  (61) . 

GpX^H4^  '*'s  obtained  by  reversing  the  signs  of  all  the  off-diagonal 
elements  in  P (H3)  involving  y. 

We  have  not  calculated  ab  initio  APT's  for  all  the  atoms  in  ethanol. 
^Transferred  from  methane  (78) 
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TABLE  5-7 

APT'S  FOR  THE  METHYL  AND  METHYLENE  CARBONS  IN  ETHANOL 
SEE  ALSO  TABLE  5-6 


Transferred  from: 

Vn 

CH3OH 

ab 

initio  APT 

s 

0.513 

0 

0.26l\ 

0.467 

0 

0 . 220\ 

VC7> 

0 

0.379 

0 

0 

0.559 

0 

l 0.174 

0 

0.673 

0.155 

0 

0.727 j 

X<c7) 

0.57 

0.61 

c 

C_H 

2 6 

0.078 

0 

0.066\ 

not 

VC8> 

0 

0.127 

0 

calculated 

\ 

0.066 

0 

0.037 

X(C8) 

0.10 

APT's  from  null  constraint 

-0.027 

0 

0 . 125 \ 

-0.143 

0 

0 . 08l\ 

PX<C8>e  1 

0 

0.157 

0 

0 

0.102 

0 

0.170 

0 

-0.053 

\ 0.126 

0 

-0.093 / 

X (Og) 

0.16 

0.14 

0.408 

0 

0.326\ 

VC7,£ 

0 

0.410 

0 

0.277 

0 

0.583 

X(C?)  0.53 

aTaken  from  TABLE  4-10. 

^Quantum  mechanically  calculated  APT  using  the  GAUSSIAN  70  program 
with  a 4-31G  basis  set. 

Q 

Transferred  from  ethane  (61) . 

We  did  not  calculate  the  quantum  mechanically  predicted  APT  for  this 
atom. 


continued 
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TABLE  5-7-continued 
e 

Calculated  from  the  null  condition.  The  first  APT  for  Cg  in  this 
row  was  calculated  by  difference  from  the  APT's  transferred  from 
methanol  and  ethane.  The  second  APT  for  Cg  was  calculated  by 
difference  from  the  APT's  transferred  from  methanol  and  methane. 
The  APT  for  C7  was  transferred  in  both  cases  from  methanol.  See 
also  TABLE  5-6. 

^Calculated  by  difference  from  the  APT's  transferred  from  methanol 
and  ethane.  The  APT  for  Cg  was  transferred  from  ethane.  See  also 
TABLE  5-6  . 
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TABLE  5-8 

PREDICTED  ABSOLUTE  INTENSITIES  FOR  ETHANOL 
(units  are  km  mol--*-) 


, , -l.a  , ,b  c 
Mode (cm  ) A (exp)  I 


A (predicted) 

IId  III6 


IV 


V (3660) 


16.4 


26.2 


26.2 


27.0 


26.6 


V14(2987) 

V2  (2971) 

Vi5(2930) 

V3  (2901) 

V (2890) 
4 


1 ?2  25.0' 

92.2 

1 

92.1 

73.9' 

| 35.4 

40.8 

41.3 

19.3 

68.2 

>174  3.0 

> 173  3.5 

> 176  7.25 

> 87  26.2 

18.1 

17.3 

21.4 

J 19.1. 

19.1 

7 

21.4 

J 

14.2 

> 136 


Vr  (1482) 

5 

V (1450) 

6 

V (l-45 1 ) 
16 

V?  (1393) 

V (1393) 

O 


14.6' 

1.6 

" 

1.3 

4.  o' 

5.5 

2.0 

1.3 

2.0 

> 37  3.1 

1.2 

> 33  3.4 

14.1 

>30  3.6 

14.3 

>25  0.1 > 

15.4 

8.2, 

8.7 

4.2, 

9.4 

y 

> 31 


V9  (1241)  \ 

22  39-l] 

r- 

CO 

0 

CO 

/V 

53.9^ 

> 4g 

V (1241)  \ 

1.0J 

0 . 2_ 

0.1J 

0.5, 

Vla(1098) 

I*6] 

0.5' 

0.8 

3.1 

V10(1061) 

>106  41.1 

> 68  24.5 

>59  23.5 

> 51  30.0 

V (1027) 

24.9, 

33. 8^ 

26.5, 

32.1; 

V12(883) 

11  4.1 

7.6 

6.3 

3.5 

v (801) 

1.1  0.6 

0.4 

0.4 

5.8 

19 

V. .(422) 

7.2g  7.1 

7.1 

6.4 

7.4 

54 


continued 
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TABLE  5-8-continued 


20(224) 

W 

4‘2)73 

3,1  73 

3.4 

21(224) 

J 

68. 6 J 

69.4  J 

68.6 

72 


a 

Experimental  frequencies  taken  from  Zemlyanukhina,  Sverdlov,  and 
Finkel  (18) . 

^Experimental  absolute  intensities  are  the  values  measured  here. 

See  TABLE  2-3.  Probable  accuracy  is  +10%. 
c 

Calculated  using  APT's  transferred  from  methanol  and  ethane.  The 
APT  for  the  methyl  carbon  was  calculated  by  difference.  See 
TABLES  5-6  and  5-7  for  data.  The  normal  coordinate  transformation 
matrices  are  generated  from  the  force  field  reported  by  Zemlyanukhina 
and  Sverdlov  (79) . 
d 

Same  as  calculation  I , except  the  normal  coordinates  are  derived 
using  force  constants  transferred  to  ethanol  from  propane  (80)  and 
methanol  (59) . 
e 

Calculated  using  APT's  transferred  from  methanol  and  ethane.  The 
APT  for  the  methylene  carbon  was  calculated  by  difference.  See 
TABLES  5-6  and  5-7  for  data.  The  normal  coordinates  are  calculated 
using  the  transferred  force  constants  for  ethanol. 

^Calculated  using  APT's  transferred  from  methanol  and  methane.  The 
APT  for  the  methyl  carbon  was  calculated  by  difference.  See 
TABLES  5-6  and  5-7  for  data.  Normal  coordinates  are  generated  from 
the  transferred  force  constants. 

^Absolute  intensities  are  from  Zemlyanukhina  et  al.  (18)  . 
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difference.  The  normal  coordinate  transformation  matrices  for 
calculation  I were  generated  from  the  force  constants  reported 
by  Zemlyanukhina  and  Sverdlov  (79)  for  ethanol.  The  absolute 
intensities  predicted  in  calculation  II  for  ethanol  are  cal- 
culated from  the  same  data  as  in  calculation  I,  except  that 
the  normal  coordinate  transformation  matrices  were  derived  from 
force  constants  transferred  to  ethanol  from  propane  (80)  and 
from  methanol  (59) . Data  for  both  force  fields  for  ethanol  are 
given  in  Appendix  I,  and  we  shall  discuss  these  two  force  fields 
for  ethanol  later.  A comparison  of  the  absolute  intensities 
predicted  by  calculations  I and  II  for  ethanol  thus  shows  the 
effect  on  the  intensities  of  the  normal  coordinates.  Calculation 
III  is  the  same  as  calculation  II,  except  that  for  calculation 
III  the  APT  for  the  methylene  carbon  was  calculated  using  the 
null  condition.  The  APT's  for  calculation  III  were  transferred 
from  methanol  and  ethane.  Calculations  II  and  III  thus  illustrate 
the  differences  in  the  predicted  intensities  when  the  methylene 
carbon  APT  is  transferred  (calculation  II)  and  when  the  methyl 
carbon  APT  is  transferred  (calculation  III)  . The  final  calculation 
(IV)  presented  in  Table  5-8  shows  the  absolute  intensities  predicted 
for  ehtanol  using  APT's  transferred  from  methanol  and  methane. 

The  APT  for  the  methyl  carbon  was  calculated  by  difference.  The  normal 
coordinates  are  generated  from  the  transferred  force  constants  for 
ethanol.  A comparison  of  calculations  II  and  IV  shows  the  differences  in 
the  predicted  intensities  that  result  when  the  APT's  are  transferred  from 
methane  (calculation  IV)  rather  than  ethane  (calculation  II) . 
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Discussion  of  Results  for  Ethanol 
Force  fields  for  ethanol 

The  calculation  of  absolute  intensities  for  ethanol  requires 
an  accurate  set  of  normal  coordinates  (the  L matrix  needed  in 
Eq.  (3-34).  The  determination  of  L for  ethanol  is  rather  com- 
plicated, for  ethanol  has  only  symmetry.  Of  the  twenty-one 
normal  modes  of  vibration,  thirteen  will  be  of  a'  symmetry  and 
eight  will  have  a''  symmetry.  The  low  symmetry  of  the  molecule 
makes  the  normal  coordinate  analysis  particularly  challenging 
because  the  L matrix  will  block  factor  only  into  a (13  x 13)  matrix 
and  a (8x8)  matrix.  Hence,  the  symmetry  coordinates  appreciably 
mix  to  give  the  normal  modes  of  vibration.  Although  infrared  spectra 
for  several  isotopic  species  of  ethanol  have  been  published  (81,  82) , 
assignment  of  the  gas  phase  spectra  is  a difficult  task  because 
many  of  the  absorption  bands  overlap.  Since  there  are  231  internal 
force  constants  in  the  general  case  for  ethanol  many  of  these  force 
constants  can  not  be  determined  from  the  experimentally  observed 
frequencies . 

The  only  reasonably  complete  force  field  for  ethanol  is  the  one 
reported  by  Zemlyanukhina  and  Sverdlov  (79).  They  determined  48 
force  constants  for  ethanol  by  fitting  the  force  constants  to  the 
experimentally  observed  frequencies  for  ethanol  and  seven  of  its 
deuterium  derivatives.  We  have  used  the  L matrix  derived  from  this 
force  field  to  predict  absolute  intensities  for  ethanol.  But  because 
of  the  complexity  of  the  normal  coordinate  analysis  for  ethanol,  we 
have  derived  also  a force  field  by  transferring  force  constants  to 


ethanol  from  other  molecules. 
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As  we  pointed  out  above,  many  of  the  interaction  force 
constants  for  ethanol  are  not  easily  determined  from  the  experimental 
frequencies.  Yet  some  of  these  interaction  force  constants  may  be 
large  and  thus  significantly  change  the  L matrix.  Quantum  mechanical 
calculations  provide  a way  to  obtain  such  force  constants,  and 
Blom  and  Altona  (83)  have  noted  that  ab  initio  force  constants 
scaled  (80)  to  fit  experimentally  observed  frequencies  seem  to  be 
transferable  among  small  organic  molecules.  We  have,  therefore, 
transferred  scaled  ab  initio  force  constants  from  methanol  (59) 
and  from  propane  (80)  to  ethanol.  We  transferred  to  ethanol  all 
of  the  diagonal  force  constants  and  the  interaction  force  constants 
for  the  HOCH^  group  from  methanol.  All  of  the  force  constants 
for  the  CH^CH^  group  were  transferred  to  ethanol  from  propane. 

We  do,  however,  have  to  use  five  force  constants  from  the  force 
field  reported  by  Zemlyanukhina  and  Sverdlov  (79) . These  five  force 
constants  are:  the  CCO  bending  force  constant  the  CCO  bend  - COH 

bend  interaction,  the  C-0  stretch  - CCO  bend  interaction,  the 
C-C  stretch  - CCO  bend  interaction,  and  the  C-C  stretch  - C-0  stretch 
interaction.  These  five  force  constants  may  not  be  evaluated  from 
propane  or  from  methanol.  The  details  of  the  normal  coordinate 
analyses  using  the  two  force  fields  are  presented  in  Appendix  A. 
Frequencies  calculated  using  the  transferred  force  constants  for 
ethanol  are  also  given  in  Appendix  A.  We  might  note  here  that  the 
maximum  calculated  error  in  any  frequency  for  ethanol  using  the 
transferred  force  constants  was  just  over  50  cm  , and  that  the 
average  error  was  only  18  cm  \ The  force  constants  could  have  been 
adjusted  to  give  a better  least  squares  fit  to  the  experimentally 
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observed  frequencies,  but  this  would  have  lessened  the  predictive 
aspect  of  the  analysis  for  ethanol. 

Predicted  absolute  intensities 

Calculation  I in  Table  5-8  shows  the  intensities  which  are 
predicted  for  ethanol  when  APT's  are  transferred  from  methanol  and 
from  ethane.  The  APT  for  the  methyl  carbon  was  calculated  by 
difference,  and  the  normal  coordinates  are  generated  from  the 
force  field  reported  by  Zemlyanukhina  and  Sverdlov  (79) . We  see 
that  calculation  I predicts  an  absolute  intensity  for  the  0-H 
stretch  (V^)  which  is  quite  larger  than  the  experimental  value. 

The  predicted  value  is,  however , within  a factor  of  two  of  the 
experimental  value.  The  C-H  stretching  region  (near  3000  cm 
has  a predicted  total  intensity  that  is  only  9%  larger  than  the 
experimentally  measured  total  intensity  for  the  region.  The 
approximate  experimental  separation  of  the  intensities  for  the 
higher  frequency  modes  (V  and  V^)  and  for  the  lower  frequency 
modes  (V  , V , and  V^)  indicates,  however,  that  the  predicted 
intensity  distribution  for  these  modes  is  not  as  good  as  the 
predicted  total  intensity  for  this  region.  The  total  intensity 
predicted  for  the  C-H  bending  region  (near  1450  cm  "S  is  also 
very  good  (only  11%  too  high) , but  the  predicted  intensity 
distribution  is  difficult  to  compare  with  experiment.  The  COH 
bending  mode  (V  ) has  an  intensity  which  is  predicted  in  cal- 
culation I to  be  too  high  by  a factor  of  two.  The  intensity  pre- 
dicted for  the  C-0  stretching  region  near  1000  cm  ^ is  predicted 
too  low  by  less  than  a factor  of  two.  Finally,  we  observe  that  the 
predicted  total  intensity  for  the  methyl  and  hydroxyl  torsions 
(V  and  V^)  compares  favorably  with  experiment. 
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The  predicted  absolute  intensities  depend  upon  the  form 
of  the  normal  coordinates,  and  as  we  discussed  above,  an  alternate 
L matrix  was  derived  for  ethanol  using  transferred  force  constants 
from  methanol  and  from  propane.  One  of  the  motivations  for 
predicting  the  intensities  using  an  alternate  L matrix  arises  from 
a consideration  of  the  0-H  stretching  intensity  in  ethanol  and  in 
methanol. 

The  0-H  stretch  in  methanol  has  an  experimental  absolute  intensity 
of  22  km  mol  (See  Table  2-2);  in  ethanol,  however,  the  absolute 
intensity  for  the  0-H  stretch  has  dropped  to  16.4  km  mol"1  (See 
Table  2-3).  The  calculation  using  APT's  for  the  hydroxyl  group 
atoms  transferred  from  methanol  to  ethanol,  however,  has  predicted 
an  increase  rather  than  a decrease  in  the  intensity  for  the  0-H 
stretch  in  ethanol.  We  shall  see  later  that  the  quantum  mechanically 
calculated  APT's  for  the  hydroxyl  hydrogen  and  oxygen  atoms  in 
methanol  and  in  ethanol  are  very  similar.  The  possibility  thus  arises 
that  the  decrease  in  intensity  of  the  0-H  stretch  in  ethanol  is 
due  to  the  normal  coordinates.  Indeed,  if  we  merely  reverse  the 
sign  of  the  L element  (from  -0.04172  to  +0.04172)  in  the  L 
matrix  derived  from  the  force  field  reported  by  Zemlyanukhina  and 
Sverdlov  (See  Appendix  A for  data) , the  intensity  predicted  by 
calculation  I for  the  0-H  stretch  in  ethanol  decreases  to  20  km  mol  ^ . 
Symmetry  coordinate  number  thirteen  is  the  change  in  the  CCO  angle 
of  ethanol,  so  the  L element  represents  an  interaction  of  the 

X -3  / X 

0-H  stretch  with  the  CCO  bend.  Such  an  interaction,  which  is  not 
possible  in  methanol,  represents  a plausible  explanation  for  the 
decreased  intensity  of  the  0-H  stretch  in  ethanol.  Thus,  we 
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transferred  force  constants  to  ethanol  in  hopes  of  obtaining  a 
different  matrix,  one  which  would  reproduce  the  experimentally 
observed  absolute  intensity  of  the  0-H  stretch.  Although  the 
new  L matrix  for  ethanol  still  does  not  predict  the  decrease  in 
the  intensity  of  the  0-H  stretch,  the  new  L does  predict  significant 
variations  in  the  intensities  predicted  for  many  of  the  other  normal 
modes. 

The  effect  of  the  form  of  the  normal  coordinates  on  the  pre- 
dicted intensities  for  ethanol  may  be  seen  in  calculations  I and  II 
in  Table  5-8.  The  APT's  for  both  of  these  calculations  were 
transferred  from  methanol  and  ethane,  but  the  normal  coordinates 
for  calculation  I were  derived  from  the  force  field  reported  by 
Zemlyanukhina  and  Sverdlov  (79) , while  the  normal  coordinates  for 
calculation  II  were  generated  using  the  force  constants  we 
transferred  to  ethanol.  The  intensities  predicted  for  modes  whose 
frequency  is  far  from  other  vibrational  modes  of  the  same  symmetry 
show  little  variation  with  respect  to  changing  L.  The  0-H  stretching 
mode  (V  ) has  a predicted  intensity  of  26  km  mol  ^ which  is 
essentially  unaffected  by  differences  in  the  two  force  fields  for 
ethanol.  The  same  result  is  true  for  the  methyl  and  hydroxyl 
group  torsions  (V^  an<^  ^21^  w^ere  t^ie  predicted  intensity  for 
the  two  bands  remains  about  71  km  mol  ^ for  either  of  the  two 
force  fields.  The  predicted  intensity  for  the  C-H  stretching 
region  (around  3000  cm  ’*')  and  for  the  region  between  1500  cm 
and  800  cm  ^ is,  however,  extremely  complicated  and  sensitive  to 


the  form  of  the  L matrix. 
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Calculations  III  and  IV  in  Table  5-8  present  the  absolute 
intensities  predicted  for  ethanol  using  different  assumptions 
about  the  transferability  of  the  APT’s.  The  normal  coordinates 
for  both  calculations  are  generated  from  the  transferred  force 
constants.  Instead  of  discussing  these  predicted  intensities 
in  terms  of  Table  5-8,  we  shall  compare  the  simulated  infrared 
spectra  (See  Appendix  B)  for  the  four  calculations  with  the 
experimental  spectrum.  The  simulated  spectra  make  the  data 
presented  in  Table  5-8  much  easier  to  compare. 

Simulated  spectra 

The  effect  of  the  L matrix  on  the  distribution  of  intensity 
among  the  vibrational  modes  of  ethanol  is  shown  in  Fig.  5-3. 

Here  the  simulated  spectrum  based  on  calculation  I is  shown  in  Fig. 
5-3 (a),  the  simulated  spectrum  based  on  calculation  II  is  shown 
in  Fig.  5-3 (b) , and  the  experimentally  observed  infrared  spectrum 
of  ethanol  is  shown  for  comparison  in  Fig.  5-3 (c).  The  L matrix 
derived  from  the  force  field  reported  by  Zemlyanukhina  and  Sverdlov 
(79)  is  used  in  calculation  I,  while  the  L matrix  derived  from  the 
transferred  force  constants  is  used  in  calculation  II. 

If  we  compare  the  two  simulated  spectra  in  Fig.  5-3,  we  see 
that  the  form  of  the  L matrix  does  indeed  change  the  appearance 
of  the  simulated  spectrum  in  the  regions  of  overlapping  vibrational 
modes.  The  C-H  stretching  region  near  3000  cm  1 shows  a reversal 
in  the  predicted  relative  intensity  for  the  higher  (V^  and  V ) vs . 
the  lower  (v^,  ^4'  an<^  Vi5^  frequency  c-H  stretches.  The  intensity 
distribution  among  the  C-H  bending  modes  near  1450  cm  ^ is  also 
different  for  the  two  sets  of  normal  coordinates.  Finally,  the 
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relative  intensities  for  the  COH  bending  region  (near  1250  cm 
and  the  C-0  stretching  region  (near  1000  cm  ^)  are  reversed  in 
the  two  calculations. 

We  may  also  compare  the  two  simulated  spectra  in  Fig.  5-3 
with  the  experimental  spectrum  of  ethanol  (Fig.  5-3 (c)).  The 
simulated  spectra  for  both  calculations  I and  II  agree  well  with 
the  experimental  spectrum  in  the  O-H  stretching  region  (near 
3600  cm  ■*■)  . Calculation  II,  however,  more  closely  compares  with 
the  experimental  spectrum  both  in  the  C-H  stretching  region  (near 
3000  cm  "S  and  in  the  C-H  bending  region  (near  1450  cm  "S  . Neither 
simulated  spectrum,  however,  accurately  predicts  the  remaining 
spectral  regions.  The  intensity  of  the  COH  bending  mode  near 
1250  cm  is  predicted  too  high  by  both  calculations  I and  II, 
and  the  intensity  of  the  C-0  stretching  mode  near  1000  cm  ^ is 
predicted  too  low.  The  discrepancies  are  factor-of-two  dis- 
agreements (See  also  Table  5-8) . We  conclude  that  calculation  II 
agrees  better  than  calculation  I with  the  experimental  spectrum, 
so  we  shall  use  the  normal  coordinates  derived  from  the  trans- 
ferred force  constants  in  subsequent  calculations  (calculations 
III  and  IV) . 

The  simulated  spectra  based  on  calculations  III  and  IV  are 
shown  in  Fig.  5-4(a)  and  5-4 (b),  respectively.  Calculation  III 
is  based  on  APT's  transferred  from  methanol  and  from  ethane;  the 
APT  for  the  methylene  carbon  is  calculated  by  difference.  We 
may  thus  compare  Fig.  5-3 (b),  the  simulated  spectrum  for  calcula- 
tion II,  with  Fig.  5-4  (a),  the  simulated  spectrum  for  calculation  III, 
to  see  the  effect  of  transferring  the  methyl  carbon  APT  vs.  the 


Fig.  5-3.  Simulated  spectra  for  ethanol  showing  the  effect  of  L 

on  the  predicted  intensities.  The  experimental  spectrum 
(2.67  kPa,  10.2  cm  cell)  is  shown  also  for  comparison. 

(a)  The  spectrum  simulated  using  APT's  transferred  from 
methanol  and  ethane  with  the  APT  for  the  methyl  carbon 
determined  by  difference.  The  normal  coordinates 

are  derived  from  the  force  constants  reported  by 
Zemlyanukhina  and  Sverdlov  (79) . See  calculation  I 
in  TABLE  5-8  for  data. 

(b)  Same  as  (a)  except  that  the  normal  coordinates  are 
generated  from  the  force  constants  transferred  to 
ethanol.  See  calculation  II  in  TABLE  5-8  for  data. 

(c)  The  experimentally  observed  infrared  spectrum  of 
ethanol,  measured  with  the  Nicolet  Model  7199  FT-IR  • 
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Fig.  5-4.  Simulated  spectra  for  ethanol  showing  the  effect  of 
APT's  transferred  from  different  molecules.  The 
experimental  spectrum  (2.67  kPa,  10.3  cm  cell)  is 
shown  also  for  comparison. 

(a)  The  spectrum  simulated  using  APT's  transferred 
from  methanol  and  ethane  with  the  APT  for  the 
methylene  carbon  determined  by  difference. 
Normal  coordinates  are  derived  from  the  trans- 
ferred force  constants  for  ethanol.  See  cal- 
culation III  in  TABLE  5-8  for  data. 

(b)  The  spectrum  simulated  using  APT’s  transferred 
from  methanol  and  methane  with  the  APT  for  the 
methyl  carbon  determined  by  difference.  Normal 
coordinates  are  derived  from  the  transferred 
force  constants.  See  calculation  IV  in  TABLE 
5-8  for  data. 

(c)  The  experimentally  observed  infrared  spectrum 
of  ethanol,  measured  with  the  Nicolet  Model 
7199  FT-IR  . 
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effect  of  transferring  the  methylene  carbon  APT.  The  two  simulated 
spectra  appear  different  in  only  the  C-H  bending  region  near  1450  cm  \ 
Although  the  overall  differences  in  the  simulated  spectra  are  small, 
the  simulated  spectrum  based  on  calculation  III  seems  to  agree 
slightly  better  with  the  experimental  spectrum  (Fig.  5-4(c))  than  does 
calculation  II.  This  implies  that  the  methylene  carbon  APT  is  more 
transferable  from  methanol  than  is  the  methyl  carbon  APT  transferable 
from  ethane.  We  shall  discuss  this  point  further  when  we  compare 
the  quantum  mechanically  calculated  APT's  for  methanol  and  for  ethanol. 

The  simulated  spectrum  based  on  calculation  IV  is  shown  in 
Fig.  5-4 (b) . The  APT's  for  the  methyl  hydrogens  were  transferred 
from  methane;  the  methyl  carbon  APT  was  calculated  by  difference. 

As  with  the  three  previous  calculations,  APT's  were  transferred  from 
methanol  to  the  remaining  atoms.  A comparison  of  the  simulated  spectra 
for  calculations  II  and  IV  shows  that  using  methane  (calculation  IV) 
rather  than  ethane  (calculation  II)  as  the  source  for  the  APT's  for 
the  methyl  group  atoms  of  ethanol  results  in  only  a small  change  in 
the  appearance  of  the  simulated  spectrum.  The  intensity  for  the 
C-H  stretching  region  shows  a small  increase  in  the  intensity  for 
the  lower  frequency  modes  (near  2900  cm  ^)  when  the  APT's  are 
transferred  from  methane  (calculation  IV) . Calculation  IV  also 
results  in  a slight  increase  for  the  intensity  of  (a  C-H  bend 
at  1482  cm  ) . Otherwise  the  two  spectra  are  remarkably  similar. 
Calculation  IV  does  not  accurately  predict  the  experimentally  observed 
spectrum  (Fig.  5-4  (c) ) , but  the  overall  agreement  is  within  a factor 


of  two. 
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An  examination  of  the  simulated  spectra  for  the  calculations  I 

through  IV  shows  that  none  of  the  calculations  yields  completely 

satisfactory  agreement  with  the  experimental  infrared  spectrum 

of  ethanol.  Although  all  of  the  simulated  spectra  show  factor-of-two 

agreement  and  show  the  same  pattern  of  intensities  as  in  the 

experimental  spectrum,  we  would  like  to  know  if  the  remaining 

discrepancies  in  the  predicted  intensities  for  ethanol  are  due  to 

changes  in  the  APT's  for  ethanol.  As  we  discussed  earlier,  the 

normal  coordinate  analysis  for  ethanol  is  complicated  and  could  be 

responsible  for  some  of  the  remaining  discrepancies.  We  therefore 

now  compare  the  transferred  APT's  for  ethanol  with  some  quantum 

mechanically  calculated  APT's  for  ethanol  and  for  methanol. 

Comparison  of  APT's  for  ethanol 

We  have  included  in  Tables  5-6  and  5-7  quantum  mechanically 

calculated  APT's  for  several  atoms  of  ethanol.  These  ab  initio 

APT's  may  be  compared  with  the  APT's  transferred  to  ethanol.  Let 

us  first  consider  the  APT  for  the  hydroxyl  hydrogen  of  ethanol. 

The  APT  transferred  to  the  hydroxyl  hydrogen  in  ethanol  from 

the  corresponding  atom  in  methanol  agrees  reasonably  well  with 

the  ab  initio  APT  for  that  atom  (See  P^(H^)  in  Table  5-6).  The 

X o 

large  apparent  discrepancy  in  the  9p^/3y  element  for  out-of-plane 

displacement  of  H.  is  actually  misldadinq  because  the  ab  initio 
6 

calculation  using  the  4-31G  basis  set  overestimates  the  intensity 
of  the  0-H  torsion  by  a factor  of  almost  four  (as  shown,  for 
example,  in  Table  5-2).  Based  on  the  comparison  of  the  APT  trans- 
ferred from  methanol  for  the  hydroxyl  hydrogen  and  the  ab  initio 
APT,  we  would  expect  the  APT  to  be  transferable.  This  is  shown 
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more  clearly  in  Table  5-9,  where  the  ab  initio  APT's  for  the 

hydroxyl  hydrogens  of  methanol  and  ethanol  are  compared  in  a 

bond  coordinate  system  (Fig.  5-5 (a)).  Here  we  see  that  the 

agreement  for  the  two  APT's  is  essentially  complete.  The  only 

significant  difference  in  these  two  APT's  is  possibly  the  slight 

decrease  in  the  dipole  derivative  along  the  0-H  bond  as  the 

hydrogen  atom  is  displaced  (the  3p  /3z  element) . We  conclude 

z 

that  the  hydroxyl  hydrogen  APT  in  methanol  should  be  transferable 
to  ethanol  without  modification. 

The  slight  decrease  in  the  value  of  dp^/dz  for  the  hydroxyl 
hydrogen  APT  in  ethanol  has  some  significance  with  regard  to  the 
intensity  of  the  0-H  stretch.  As  we  saw  in  Table  5-8,  the  absolute 
intensity  for  the  0-H  stretch  of  ethanol  is  predicted  to  be  about 
26  km  mol  ^ using  experimental  APT's  transferred  from  methanol. 
However,  the  experimental  absolute  intensity  for  this  mode  in 
ethanol  is  only  16.4  km  mol  1,  while  the  corresponding  intensity 
in  methanol  is  22  km  mol  . As  we  noted  earlier,  the  predicted 
intensity  for  this  mode  in  ethanol  decreases  from  26  km  mol 
to  20  km  mol-1  if  the  sign  of  the  L13  l matrix  element  is  reversed. 
Combined  with  the  slight  decrease  predicted  for  the  3p^/3z  element, 
the  intensity  predicted  for  the  0-H  stretch  in  ethanol  using  the 
reversed  sign  for  ^ would  approach  the  experimental  absolute 

intensity.  The  major  cause  for  the  decrease  in  the  intensity  for 
the  0-H  stretch  in  ethanol  compared  to  methanol  appears,  however, 
to  be  the  L matrix  because  the  APT’s  for  the  hydroxyl  hydrogens 


in  the  two  molecules  are  remarkably  similar. 


Fig.  5-5.  Bond  coordinate  systems  for  comparing  APT's  in 

methanol  and  ethanol.  See  TABLE  5-9. 

(a)  Coordinate  system  for  the  hydroxyl  hydrogen 
atom.  Here  R is  CH3  for  methanol  and  CH3CH2 
for  ethanol.  The  x axis  lies  in  the  COH  plane, 
and  y is  determined  by  the  right  hand  rule. 

(b)  Coordinate  system  for  the  carbon  and  oxygen 
atoms.  Here  R is  H for  methanol  and  CH3  for 
ethanol . 

(c)  Coordinate  system  for  the  out-of -plane  methyl 
hydrogens . 
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TABLE  5-9 

COMPARISON  OF  AB  INITIO  APT'S  FOR  METHANOL  AND  ETHANOL 
(units  are  electrons  (e)) 


APT3 

Methanol 

Ethanol 

0.292 

0 

-0 . 016( 

( 0.309 

0 

-0 . 016\ 

VH)b 

0 

0.444 

0 

0 

0.436 

0 

(-0.075 

0.  32 

0 . 126/ 

U0.084 

0 

0.107/ 

X(H) 

0.32 

0.32 

f- 0.344 

0 

2T 

i — i 

o 

o 

1-0. 360 

0 

O 

1 — 1 
1 — 1 
o 

V0) 

0 

-0.748 

0 

0 

-0.722 

0 

(-0.074 

0 

-0.952) 

\-  0.094 

0 

-1.02  / 

x (°) 

0.  73 

0.75 

I 0.295 

0 

0. 036\ 

I 0.380 

0 

0 . 036\ 

Px(«d 

. 0 

0.573 

0 

° 

0.559 

0 

\ 0.095 

0 

0.764/ 

\ 0.101 

0 

0.815 / 

X(C) 

0.58 

0.61 

/ 0.017 

0.032 

0 . 029\ 

0.007 

0.015 

-0 . 027\ 

VH>e 

0.036 

-0.009 

0.063 

( 

0.027 

-0.048 

0.000 

i 

V 0.037 

0.013 

-0.225/ 

(-0.006 

-0.015 

-0.251 / 

X (H) 

0.14 

0.15 

Quantum  mechanically  calculated  APT's  using  the  GAUSSIAN  70 
program  with  a 4-31G  basis  set. 

bThe  APT  for  the  hydroxyl  hydrogen.  The  coordinate  system  is 
shown  in  Fig.  5-5(a). 

CThe  APT  for  the  hydroxyl  oxygen.  The  coordinate  system  is  shown 
in  Fig.  5-5  (b) . 

dThe  APT's  for  the  methyl  carbon  of  methanol  and  for  the  methylene 
carbon  of  ethanol.  The  coordinate  system  is  shown  in  Fig.  5-5(b). 

6The  APT's  for  the  methyl  out-of-plane  hydrogen  of  methanol  and  for 
the  methylene  hydrogen  of  ethanol.  The  coordinate  system  is  shown 
in  Fig.  5-5 (c) 
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If  we  now  compare  the  oxygen  APT  transferred  to  ethanol 
from  methanol  and  the  quantum  mechanically  calculated  APT  for  the 
oxygen  in  ethanol,  we  find  that  the  two  APT's  agree  very  well  as 
shown  in  Table  5-6.  As  with  the  hydroxyl  hydrogen  APT's,  however, 
the  ab  initio  APT  for  the  oxygen  has  an  3p^/3y  element  that  is 
too  large  compared  to  the  value  in  the  transf erred  APT.  This 
abnormally  large  value  predicted  by  the  quantum  mechanical  cal- 
culation for  the  change  in  the  dipole  moment  with  respect  to  the 
out-of-plane  motion  of  the  oxygen  atom  (3p^/3y)  is  probably  caused 
by  an  inadequate  description  by  the  4-31G  basis  set  of  the  lone 
pairs  of  electrons  on  the  oxygen  atom. 

If  we  compare  also  the  quantum  mechanically  predicted  APT's 
for  the  oxygen  atoms  in  methanol  and  in  ethanol  we  observe 
further  confirmation  of  the  similarity  of  the  APT's  for  the  oxygen 
atoms  in  the  two  alcohols.  These  two  ab  initio  APT's  are  shown 
in  Table  5-9;  the  bond  coordinate  system  is  shown  in  Fig.  5-5(b). 

The  quantum  mechanically  predicted  effective  charge  for  the 
oxygen  atom  is  the  same  (0.74+0. Ole)  for  either  methanol  or 
ethanol.  The  only  substantial  change  which  occurs  in  the  ab  initio 
APT  for  the  oxygen  atom  upon  replacing  one  of  the  methyl  hydrogens 
in  methanol  with  a methyl  group  is  in  the  3p^/3z  element  of  the 
APT.  This  element  actually  shows  a dramatic  increase  from  nearly 
zero  in  methanol  to  -O.le  in  ethanol.  The  overall  differences 
in  the  two  APT's  are  only  minor,  and  we  should  be  able  to  success- 
fully transfer  an  experimental  APT  for  oxygen  in  methanol  to  ethanol. 

We  may  compare  also  the  quantum  mechanicallly  calculated  APT's 
for  the  methylene  hydrogens  in  ethanol  with  the  ab  initio  APT's 
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for  the  methyl  out-of-plane  hydrogens  in  methanol . These  APT ' s 
are  compared  in  Table  5-9;  the  bond  coordinate  system  is  shown 
in  Fig.  5-5(c).  These  APT's  have  nonzero  numbers  in  all  nine 
elements,  and  hence  it  is  difficult  to  compare  the  APT's.  Many 
of  the  elements  in  these  APT's  do  show  small,  but  significant 
differences.  The  motion  corresponding  to  a C-H  stretch,  3p^/3z, 
produces  essentially  the  same  dipole  moment  change  in  both  mole- 
cules; we  thus  expect  to  predict  reasonable  intensities  for  the 
methylene  hydrogen  C-H  stretches  of  ethanol  by  transferring  APT's 
from  methanol.  Finally,  we  note  that  the  quantum  mechanically 
predicted  effective  charge  for  the  methylene  hydrogen  in  ethanol 
is  the  same  within  O.Ole  as  that  predicted  for  the  out-of-plane 
hydrogens  in  methanol. 

We  now  consider  the  transferability  of  APT's  from  other 
molecules  to  the  methyl  and  methylene  carbon  atoms  in  ethanol. 

The  APT ' s obtained  by  various  methods  for  these  two  carbon  atoms 
are  presented  in  Table  5-7.  The  coordinate  system  is  shown  in 
Fig.  5-2.  The  quantum  mechanically  calculated  APT's  for  the 
methylene  carbon  of  ethanol  and  for  the  methyl  carbon  of  methanol 
are  compared  in  Table  5-9;  here  the  coordinate  system  is  shown 
in  Fig.  5-5 (b) . We  shall  refer  to  both  Table  5-7  and  5-9,  but 
it  should  be  kept  in  mind  that  we  may  compare  only  APT's  expressed 
in  the  same  coordinate  system.  The  ab  initio  APT's  in  Table  5-9 
for  the  carbon  atoms  show  that  the  APT  for  the  methylene  carbon 
atom  of  ethanol  is  changed  significantly  in  only  the  3p^/3x  element. 

We  may  conclude  that  the  APT  for  the  methyl  carbon  of  methanol 
is  essentially  unchanged  by  replacement  of  one  of  the  methyl  hydrogens 
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by  a methyl  group.  If,  however,  we  attempt  to  transfer  the  APT  for 
the  methyl  carbon  of  ethanol  from  ethane  and  then  calculate  the 
methylene  carbon  APT  by  difference,  an  APT  for  the  methylene 
carbon  is  obtained  which  agrees  poorly  with  the  ab  initio  APT. 

This  result  may  be  seen  in  Table  5-7;  there,  C0  is  the  methyl  carbon 

O 

atom  of  ethanol  and  is  the  methylene  carbon.  We  did  not  quantum 
mechanically  calculate  the  APT  for  the  methyl  carbon  atom  of  ethanol, 
but  the  considerations  just  mentioned  suggest  that  the  methyl  carbon 
APT  should  be  calculated  by  difference  rather  than  the  methylene 
carbon  APT  for  ethanol. 

Even  though  the  quantum  mechanically  calculated  APT's  for  the 
same  atoms  in  ethanol  and  in  methanol  showed  detailed  agreement, 
we  were  still  unable  to  obtain  much  better  than  f actor-of-two  agree- 
ment in  the  predicted  intensities  for  ethanol  using  transferred 
APT's.  The  normal  coordinates  for  ethanol  are  very  important  in 
determining  the  predicted  intensity  distribution  among  the  normal 
modes,  and  they  are  probably  more  in  error  than  are  the  APT's 
transferred  to  ethanol. 

Dimethyl  Ether 

The  best  molecule  to  test  transferability  of  the  experimental 
APT's  derived  for  methanol  is  perhaps  dimethyl  ether.  Both 
carbon  atoms  of  dimethyl  ether  are  bonded  to  the  same  atoms  as  in 
methanol,  so  the  oxygen  APT  is  the  only  reasonable  choice  to  be 
considered  for  the  APT  to  be  calculated  from  the  null  condition. 

Hence  we  avoid  the  ambiguity  in  which  central  atom  APT  to  transfer 
and  which  one  to  calculate  from  the  null  condition;  this  was  one 
of  the  problems  with  the  calculation  of  absolute  intensities  for 


169 


ethanol.  Thus,  we  shall  transfer  the  experimental  APT's  for 
the  methyl  carbon  and  hydrogens  from  methanol  to  dimethyl  ether 
and  calculate  the  predicted  absolute  intensities.  This  is  not 
to  say  that  APT's  transferred  from  other  molecules,  such  as 
CH^F  or  CH^CH^ , would  not  result  in  successful  intensity  pre- 
dictions for  dimethyl  ether. 

To  predict  the  absolute  intensities  for  dimethyl  ether, 
we  may  transfer  the  methyl  hydrogen  APT's  calculated  for  methanol 
(see  Chapter  4)  in  two  different  ways.  Calculation  I makes  use 
of  the  average  APT  derived  for  the  three  methyl  hydrogens  of 
methanol  (Table  4-12) . The  other  calculation  (II)  will  be  done 
using  the  different  APT's  found  for  the  in-plane  and  out-of-plane 
methyl  hydrogens  of  methanol  (Table  4-10) . The  experimental 
APT's  differ  for  the  in-plane  and  out-of-plane  methyl  hydrogens 
because  the  methyl  group  in  methanol  significantly  deviates  from 
local  C symmetry  (32). 

The  normal  coordinates  for  both  methanol  and  dimethyl  ether 
are  calculated  by  fixing  the  atoms  of  the  molecules  in  one 
equilibrium  configuration.  But  nearly  free  internal  rotation  occurs 
about  the  C-O  bonds  in  methanol  and  dimethyl  ether  for  the  gas 
phase,  room  temperature  species;  such  motion  would  average  out  the 
differences  in  the  APT's  for  the  in-plane  and  out-of -plane  hydrogens 
of  the  methyl  group.  We  thus  wish  to  examine  whether  an  average  APT 
for  the  methyl  hydrogens  of  methanol  transfers  better  than  APT's 
which  differ  for  the  in-plane  and  out-of-plane  hydrogens. 
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APT's  and  Absolute  Intensities  for  Dimethyl  Ether 

The  APT's  transferred  from  methanol  to  dimethyl  ether  are 
presented  in  Table  5-10.  The  coordinate  system  and  atomic 
numbering  convention  are  shown  in  Fig.  5-6.  The  APT's  for  the 
carbon  atoms  were  both  transferred  from  the  methyl  carbon  of 
methanol  (Table  4-10) , and  the  APT  for  the  oxygen  atom  was 
calculated  using  the  null  condition.  For  calculation  I,  the 
average  APT  for  the  methyl  hydrogens  of  methanol  (Table  4-12)  was 
transferred  to  each  of  the  six  hydrogens  of  dimethyl  ether.  For 
calculation  II , the  APT  for  the  in-plane  methyl  hydrogen  of 
methanol  was  of  course  transferred  to  the  two  in-plane  methyl 
hydrogens  of  dimethyl  ether,  and  the  APT  for  the  out-of -plane  methyl 
hydrogen  of  methanol  was  transferred  to  the  four  out-of-plane 
methyl  hydrogens  of  dimethyl  ether. 

The  absolute  intensities  for  dimethyl  ether  were  calculated 
using  the  A_  and  L matrices  given  in  Appendix  A.  The  L matrix  was 
calculated  from  the  force  field  reported  by  Levin,  Pearce,  and 
Spiker  (84)  for  dimethyl  ether.  Absolute  intensities  for  the 
normal  modes  of  dimethyl  ether  predicted  by  the  two  sets  of  trans- 
ferred APT's  are  listed  in  Table  5-11;  the  experimental  absolute 
intensities  we  measured  for  dimethyl  ether  (See  Table  2-5)  are 
also  Used  in  Table  5-11.  The  last  column  in  Table  5-11  lists  the 
quantum  mechanically  predicted  absolute  intensities  calculated  by 
Blom,  Oskam,  and  Altona  (43)  for  dimethyl  ether.  Blom  et  al. (43) 
used  GAUSSIAN  70  with  a 4-31G  basis  set  to  calculate  electro- 
optical  parameters  and  absolute  intensities  for  dimethyl  ether. 
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Fig.  5-6.  Coordinate  system  for  dimethyl  ether.  The  x axis 
is  determined  by  the  right  hand  rule.  The  APT's 
in  TABLE  5-10  are  expressed  in  this  coordinate 
system 


172 


TABLE  5-10 

TRANSFERRED  APT'S  FOR  DIMETHYL  ETHER 
COORDINATE  SYSTEM  IS  INDICATED  IN  FIG.  5-6; 
(units  are  e) 

Calculation  Calculation  II 


0.030 

0 

0 \ 

/ 0.025 

0 

0 \ 

V“1>C 

0 

-0.121 

0.088 

° 

-0.088 

0.095 

l 0 

0.052 

-0 . 077 1 

\ 0 

0.051 

-0.101/ 

X(Hp) 

0.10 

0.10 

j-  0.106 

-0.016 

CM 

00 

O 

O 

/- 0.105 

-0.006 

0 . 119\ 

px(h2) 

0.010 

-0.015 

-0.034 

0.027 

-0.022 

-0.061 

\ 0.098 

-0.017 

-0.047 

0.071 

-0.005 

-0.043 / 

X(h2) 

0.10 

0.11 

I 0.379 

0 

0 

0.379 

0 

0 \ 

p (c_)e 

0 

0 . 666 

0.176 

I 

0 

0.666 

-0.176 

X 7 

\ 0 

0.269 

0.519) 

l 0 

-0.269 

0.519 / 

X(C7) 

0.57 

0.57 

l~  0.395 

0 

0 ^ 

-0.388 

0 

0 \ 

Px(o9)f  1 

0 

-1.029 

0 

0 

-1.068 

0 

l 0 

0 

-0.698 

0 

0 

-0.664 / 

X(0q) 

0.  75 

0.76 

Calculation  I uses  an  average  APT  calculated  for  the  methyl  hydrogen 
in  methanol  (from  TABLE  4-12) . 

Calculation  II  uses  the  different  APT's  for  the  in-plane  and  out-of- 
plane methyl  hydrogens  in  methanol  (from  TABLE  4-10) . 

CpX^H4^  is  obtained  by  reversing  the  signs  of  the  off-diagonal  com- 
ponents of  Px^)  involving  y. 

p (H  ) is  obtained  by  reversing  the  signs  of  the  off-diagonal  com- 
ponents of  Px (H2 ) involving  y.  P^(H^)  is  obtained  by  reversing  the 
signs  of  the  off-diagonal  components  of  Px(H2)  involving  x. 
is  obtained  by  reversing  the  signs  of  the  off-diagonal  components 
of  P^(h2^  involving  z. 
continued 


TABLE  5-10-continued 


0 

Transferred  from  the  methyl  carbon  of  methanol  (from  TABLE  4-10) . 
^Calculated  from  the  null  condition 
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TABLE  5-11 

PREDICTED  ABSOLUTE  INTENSITIES  FOR  DIMETHYL  ETHER 


(units  are  km  mol 


-1> 


A (pred. , 

transferred  APT's) 


„ . -1,  a 

Mode ( cm  ) 


V (2992) 

V,. (2987) 
Id 

V (2934) 
V2  (2817) 

V17(2826) 


V3  (1487) 

V (1464) 

V (1469) 

lo 

V (1450) 

V (1434) 
4 


. . b 

A (exp) 

d 

I 

II6 

A (pred. ,a 

M 

68.0" 

63.0 

27.5 

J 

16.5 

5.5 

49.7 

164 

> 294 

83.5 

> 244  109 

>256 

302  > 

> 82 

+6 

17.8 

6.9 

55.8 

J 

58. 5_ 

72.0 

36.9 

1 

6.2 

3.6 

0.9" 

25. 

6 

6.7 

6.4 

33.9 

I - ° 

. 6 

2.1 

> 18  6.1 

( 21 

12. 7> 

0.0 

0.4 

1.8 

3.0 

4.6 

0.2 

>472 


> 49 


V5  (1251) 

3 

13.7 

21.2" 

3.4 

f 0 (H60) 

\ 104 

> 155 

43.9 

>131  55'2 

} 133  108 > 

vi4(1179) 

J 

+6 

5.4 

0.7 

0.8 

V ( 1095) 

48 

68. 0, 

56. 1 

71 . 1 

V (920) 

D 

34.3+1.2 

38.3 

34.1 

34.0 

V7  (425) 

4 

2.2 

0.5 

6.3 

c (268) 

_ 

3.4 

1.3 

0.8 

> 183 


frequencies  and  assignments  are  from  Levin,  Pearce,  and  Spiker(84) 

Experimental  absolute  intensities  we  measured  for  dimethyl  ether. 
See  TABLE  2-5 


continued 
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TABLE  5-11-continued 


Q 

Predicted  absolute  intensities  based  on  APT's  transferred  from 
methanol.  The  oxygen  APT  is  calculated  by  difference. 

^Calculation  I based  on  an  average  APT  for  the  methyl  hydrogen 
atoms.  See  TABLE  5-10  and  text. 

0 

Calculation  II  based  on  the  different  APT's  for  the  in-plane 
and  out-of-plane  methyl  hydrogens.  See  TABLE  5-10  and  text. 

^Taken  from  Blom,  Oskam,  and  Altona  (43).  Blom  et  al.  calculated 
electro-optical  parameters  for  dimethyl  ether  using  GAUSSIAN  70 
with  a 4-31G  basis  set 
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Discussion  of  Results  for  Dimethyl  Ether 
Predicted  absolute  intensities 

Let  us  first  consider  the  intensities  predicted  for  the 
methyl  C-H  stretching  region  (near  3000  cm  "S  . The  experimental 
intensities  listed  in  Table  5-11  indicate  approximate  intensities 
for  each  of  the  three  bands  distinguishable  in  the  experimental 
spectrum.  Use  of  an  average  APT  to  represent  each  of  the  methyl 
hydrogens  (calculation  I)  results  in  a total  intensity  for  the 
region  only  17%  too  low;  the  intensity  distribution,  though,  shows 
some  factor-of-two  disagreement  with  the  experimental  separation 
of  intensity.  Using  different  APT's  for  the  in-plane  and  out-of-plane 
methyl  hydrogens  (calculation  II)  results  in  an  improvement  of  the 
calculated  intensity  distribution  in  the  methyl  C-H  stretching 
region.  An  improvement  in  the  calculated  total  intensity  also 
occurs  (now  only  13%  too  low) . 

Intensities  for  the  other  regions  of  the  dimethyl  ether  spectrum 
also  show  small,  but  significant,  variations  depending  upon  which 
methyl  group  hydrogen  APT's  are  transferred.  The  calculated  total 
intensity  for  the  methyl  group  bending  region  near  1450  cm  1 agrees 
better  with  experiment  when  different  APT's  for  the  in-plane  and 
out-of -plane  hydrogens  are  used. 

The  intensities  of  two  other  vibrational  modes  deserve  mention: 
the  antisymmetric  (V  ) an<3  the  symmetric  (Vg)  c-°  stretches.  The 
intensities  for  these  two  modes  show  a definite  improvement  compared 
to  experiment  when  different  APT's  are  used  for  the  in-plane  and 
out-of-plane  methyl  hydrogens.  Because  the  oxygen  APT  is  calculated 
by  difference  from  the  APT's  transferred  to  all  the  other  atoms  of 
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dimethyl  ether,  a different  set  of  transferred  APT's  (for  example, 

sets  I and  II  in  Table  5-10)  will  result  also  in  a different  APT 

for  the  oxygen  atom.  An  examination  of  the  two  oxygen  APT's  in 

Table  5-10  shows  that  the  APT's  differ  only  sightly;  yet  the 

small  differences  seen  there  are  sufficient  to  cause  the  intensity 

predicted  (34.1  km  mol  for  the  symmetric  C-0  stretch  (v  ) 

6 

to  agree  with  the  experimental  value  (34.34^1.2  km  mol  "S  . 

Simulated  spectra 

Simulated  spectra  for  dimethyl  ether  were  plotted  using 
the  absolute  intensities  predicted  by  calculations  I and  II  in 
Table  5-11.  Band  parameters  used  in  the  simulated  spectra  may  be 
found  in  Appendix  B.  The  spectrum  simulated  for  dimethyl  ether 
using  the  intensities  predicted  by  calculation  I is  shown  in 
Fig.  5-7 (a).  Fig.  5-7 (b)  shows  the  simulated  spectrum  using  the 
absolute  intensities  predicted  by  calculation  II.  The  experimentally 
observed  infrared  spectrum  of  dimethyl  ether  is  presented  in  Fig.  5-7 (c) . 

Figure  5-7  graphically  illustrates  the  improvement  in  the 
predicted  absolute  intensities  which  results  from  using  different 
APT's  for  the  in-plane  and  out-of -plane  methyl  hydrogens  rather  than 
an  average  APT  for  both  the  in-plane  and  out-of-plane  methyl  hydro- 
gens. In  particular,  the  intensity  distribution  for  the  C-H  stretching 
region  near  3000  cm  ^ is  much  better  predicted  in  Fig.  5-7 (b)  than 
it  is  in  Fig.  5-7 (a),  if  these  two  simulated  spectra  are  compared 
with  the  experimental  spectrum  in  Fig.  5-7 (c) . The  C-H  rocking 
modes  (near  1200  cm  1)  and  the  antisymmetric  C-0  stretching  mode 
(near  1100  cm  also  have  a much  better  predicted  intensity  dis- 
tribution when  different  APT's  are  used  for  the  in-plane  and 


Fig.  5-7.  Comparison  of  simulated  and  experimental  spectra  for 
dimethyl  ether.  All  three  spectra  are  plotted  for 
3.45  kPa  of  dimethyl  ether  in  a 10  cm  cell. 

(a)  Simulated  spectrum  of  dimethyl  ether  using  absolute 
intensities  predicted  by  transferring  APT's  from 
methanol.  An  average  APT  for  the  methyl  hydrogens 
is  used  (calculation  I). 

(b)  Simulated  spectrum  of  dimethyl  ether  using  absolute 
intensities  predicted  by  transferring  APT's  from 
methanol.  The  APT's  for  the  in-plane  and  out-of- 
plane methyl  hydrogens  are  different  (calculation 
II)  . 

(c)  Experimental  infrared  spectrum  of  dimethyl  ether 
measured  with  the  Nicolet  Model  7199  FT-IR 
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out-of -plane  methyl  hydrogens;  that  is,  the  simulated  spectrum 
in  Fig.  5-7 (b)  agrees  better  in  the  1200  cm  1 to  1000  cm  1 region 
with  the  experimental  spectrum  shown  in  Fig.  5-7 (c). 

The  fact  that  calculation  II  produces  a simulated  spectrum 
that  compares  more  favorably  with  the  experimental  spectrum  than 
does  calculation  I is  somewhat  surprising  if  we  examine  the  two 
sets  of  APT's  in  Table  5-10.  The  differences  in  the  two  sets  of 
APT's  appear  to  be  only  minor  and  could  be  easily  overlooked; 
however,  these  small  differences  become  important  if  we  try  to 
predict  intensities  accurate  to  ten  or  twenty  percent.  For  factor- 
of-two  predictions,  the  differences  seen  in  the  APT's  listed  in 
Table  5-10  are  much  less  important.  We  might  add  also  that  the 
simulated  spectrum  obtained  from  calculation  I has  been  discussed 
by  Person  (85) , but  that  the  simulated  spectrum  based  on  calculation 
II  represents  a further  refinement  in  the  absolute  intensities 
predicted  for  dimethyl  ether. 

Comparison  of  absolute  intensities  predicted  by  transferred  APT's 
and  by  quantum  mechanical  calculations 

We  conclude  our  discussion  of  the  absolute  intensities  of  dimethyl 
ether  by  noting  that  the  APT's  transferred  from  methanol  have  pre- 
dicted very  well  the  intensities  for  dimethyl  ether.  The  intensities 
predicted  by  either  set  of  transferred  APT's  given  in  Table  5-10 
are  certainly  in  much  better  agreement  with  experiment  than  are  the 
intensities  calculated  for  dimethyl  ether  quantum  mechanically  (43) . 
These  quantum  mechanically  calculated  intensities,  reported  by  Blom, 
Oskam,  and  Altona  (43) , are  presented  in  the  last  column  of  Table  5-11; 
these  intensities  were  calculated  using  a 4-31G  basis  set;  and  we 
see  the  same  factor-of-two  level  of  agreement  with  experiment  that 
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we  found  for  the  quantum  mechanically  calculated  absolute  intensities 

for  methanol  (See  Table  5-2) . The  quantum  mechanically  calculated 

intensities  both  for  the  C-H  stretching  region  and  for  the  C-H 

bending  region  of  dimethyl  ether  are  too  large  by  a factor  of  two. 

We  do,  however,  observe  in  Table  5-11  that  the  absolute  intensity 

predicted  quantum  mechanically  for  the  symmetric  C-0  stretch 

agrees  with  the  experimental  value  to  within  the  experimental  un- 

-1 

certainty  (34.3+1.2  km  mol  experimental,  34.0  km  mol  calculated). 

Formaldehyde 

Absolute  intensities  for  formaldehyde  were  measured  some  years 
ago  by  Hisatsune  and  Eggers  (86) ; Person  and  Newton  (13)  later  used 
these  absolute  intensities  to  derive  experimental  APT's  for  formalde- 
hyde. We  shall  transfer  some  of  these  APT's  to  acetone  in  order  to 
predict  intensities  for  acetone.  We  have  calculated  quantum  mechani- 
cally the  APT's  for  both  for  acetone  and  for  formaldehyde  in  an  attempt 
to  understand  the  changes  that  occur  in  the  intensities  for  correspond- 
ing modes  in  acetone  and  formaldehyde.  For  example,  the  intensity 
for  the  C=0  stretch  is  three  times  more  intense  in  acetone  than  in 
formaldehyde.  We  wish  now  to  discuss  the  quantum  mechanically 
calculated  APT's  and  the  predicted  absolute  intensities  for  for- 
maldehyde . 

APT's  and  Absolute  Intensities  for  Formaldehyde 

The  quantum  mechanically  calculated  APT's  we  derived  for  for- 
maldehyde using  a 4-31G  basis  set  are  compared  in  Table  5-12  with 
the  experimentally  derived  APT's  (13).  The  definition  of  the  cartesian 
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Fig.  5-8.  Coordinate  system  for  formaldehyde.  The  y axis  is 
directed  perpendicular  to  the  plane  of  the  molecule 
and  determined  by  the  right  hand  rule.  The  APT's 
given  in  TABLE  5-12  are  expressed  in  this  coordinate 
system 
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TABLE  5-12 

EXPERIMENTAL  AND  OUANTUM  MECHANICAL  APT'S  FOR  FORMALDEHYDE 

(units  are  e) 

a . b . c 

APT  Experimental  ab  initio 


1-0. 127 

0 

-0 . 064 

/-0.185 

0 

-0 . 083 \ 

VHl)d 

0 

0.081 

0 

0 

0.103 

0 

X (Hi ) 

\-0.098 

0 

0.12 

-0.081/ 

(-0.074 

0 

0.14 

-0.022/ 

1-0 .412 

0 

0 

(-  0.569 

0 

° \ 

V°3> 

0 

-0.327 

0 

0 

-0.416 

0 

-0.956' 

X(03) 

l 0 

0 

0.52 

-0.741^ 

0 

0 

0.69 

! 0.664 

0 

0 

I 0.939 

0 

0 

VC4» 

0 

^ 0 

0.162 

0 

0 

0.904/ 

0 

\ 0 

0.211 

0 

0 

0.999 / 

X(C4)  0.65  0.80 


aThe  coordinate  system  and  atomic  numbering  scheme  is  shown  in 
Fig.  5-8. 

Taken  from  Person  and  Newton  (13) . 

CQuantum  mechanically  calculated  using  GAUSSIAN  70  with  a 4-31G 
basis  set. 

dThe  APT  for  H2  is  obtained  by  reversing  the  signs  of  all  the  off- 
diagonal  elements  in  PX(H3)  involving  x.  The  experimental  APT 
given  here  for  H3  corrects  a typographical  error  in  reference  (13) 
where  the  experimental  APT  actually  given  in  Table  V of  reference 
(13)  is  for  H2 
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coordinate  axes  and  the  atomic  numbering  system  are  shown  in  Fig.  5-8. 
Absolute  intensities  for  formaldehyde  were  calculated  from  the 
quantum  mechanically  calculated  APT's  given  in  Table  5-12  and  the 
normal  coordinates  (87)  given  in  Appendix  A.  The  quantum  mechanically 
predicted  absolute  intensities  for  formaldehyde  are  compared  with 
the  experimental  values  (86)  in  Table  5-13.  The  approximate  sepa- 
rations of  intensities  assumed  in  reference  (13)  for  V,  and  \>  and 

1 4 

for  V and  V are  also  indicated. 

5 6 

Discussion  of  Results  for  Formaldehyde 
Predicted  absolute  intensities 

If  we  examine  the  predicted  absolute  intensities  in  Table  5-13 
for  formaldehyde,  we  see  that  the  quantum  mechanically  predicted 
intensity  for  the  C=0  stretch  (V^)  is  predicted  only  35%  too  high; 
if  we  consider  the  uncertainty  (20%)  in  the  experimental  value,  the 
agreement  between  calculation  and  experiment  is  impressive  indeed. 

The  quantum  mechanically  predicted  intensity  for  the  CH^  bending 
mode  (V^) , however,  is  a factor  of  three  too  large. 

The  mode  might  be  considered  in  somewhat  more  detail.  The 
infrared  spectrum  of  gaseous  formaldehyde  shows  a definite  P,  Q,  R 
structure  for  (88) . Accurate  measurement  of  the  absolute  intensity 
of  such  a band  with  a lot  of  rotational  structure  would  thus  require 
high  broadening  gas  pressures.  Hisatsune  and  Eggers  (86)  used 
2.8  MPa  (27  atm)  of  nitrogen;  the  spectral  slit  width,  however,  was 
only  4 cm  \ It  is  thus  possible  that,  as  suggested  by  the  quantum 
mechanical  calculation,  the  absolute  intensity  for  is  somewhat 
larger  than  9. 3+2. 8 km  mol  1.  Indeed,  if  we  examine  infrared  spectra 
of  matrix-isolated  formaldehyde  (89,  90) , the  relative  intensity  of 
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TABLE  5-13 

QUANTUM  MECHANICALLY  PREDICTED  ABSOLUTE  INTENSITIES  FOR  FORMALDEHYDE 

(units  are  km  mol-3-) 


, ~1N  a 

Mode (cm  ) 

, , b 

A (exp) 

Q 

A(pred.,ab  initio  APT's) 

V (C-H) 

a.  sym 

V (2874) 
4 

64d  • 

l 128 

129 

> 166 

V (C-H) 

sym 

Y > (2780) 

64  _ 

j +26 

37 

1 

V (C=0) 

V2 (1744) 

59+12 

80 

6 (C-H) 

(1503) 

9. 3+2. 8 

31 

6 (OCH) 

V (1280) 

6A 

10 

15  1 

> 21 

p(c=0) 

V (1167) 
o 

+ 5 

6 J 

Assignments  and  experimental  frequencies  from  Hisatsune  and  Eggers 
(86) . V = stretch,  6 = bend,  p = rock. 

Experimental  absolute  intensities  and  uncertainties  taken  from 
Hisatsune  and  Eggers  (86) . 


c ... 

Quantum  mechanically  calculated  intensities  using  the  ab  initio 

APT's  given  in  TABLE  5-12. 

Assumed  separation  to  be  50%  for  each  and  (13)  . 

Assumed  separation  to  be  60%:  40%  for  the  ratio  of  V,_  to  (13) 
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to  the  intensity  of  the  C=0  stretch,  for  example,  appears  to 
be  more  intense  than  is  suggested  by  the  measured  intensity  ratio 
of  1:6.3  (See  Table  5-13). 

The  infrared  spectrum  of  formaldehyde  has  two  regions  of  over- 
lapping bands,  the  V,  and  V,  region  and  the  V„  and  V,  region.  We 

14  5 6 

shall  first  consider  the  intensities  predicted  for  the  antisymmetric 

C-H  stretch  (V^)  and  the  symmetric  C-H  stretch  (V^) . The  total 

intensity  calculated  for  the  C-H  stretching  region  (V^  and  V ) is 

seen  in  Table  5-13  to  be  in  reasonable  agreement  with  the  experimental 

total  intensity  (predicted  only  30%  too  high).  If,  however,  we 

examine  the  assumed  separation  of  intensities  for  and  for  (13) 

and  the  separation  predicted  by  the  quantum  mechanical  calculation, 

serious  discrepancies  are  seen.  The  experimental  separation  of  the 

total  intensity  as  50%  each  for  and  is  not  at  all  indicated  by 

the  quantum  mechanical  calculation,  which  suggests  that  is  3.5 

times  more  intense  than  is  . The  situation  becomes  even  more 

complex  when  the  infrared  spectrum  of  matrix-isolated  formaldehyde 

(89,  90)  is  examined:  the  intensity  for  V appears  to  be  much  more 

intense  than  is  V..  We  thus  cannot  estimate  at  this  time  the  true 
4 

intensity  ratio  of  V,  to  V . A careful  measurement  of  the  relative 
1 4 1 

intensities  in  a matrix-isolated  sample  of  formaldehyde  might  be 

helpful  in  answering  this  question. 

Finally,  we  consider  the  predicted  absolute  intensities  for  the 

CH_  rocking  mode  (vr)  and  for  the  CH„  wagging  mode  (V  ) . The  total 
2 5 2 6 

intensity  for  the  region  (Vr  and  V ) is  seen  in  Table  5-13  to  be 

5 6 

predicted  a factor  of  two  too  high  by  the  quantum  mechanical  calcula- 
tion, but  the  uncertainty  in  the  experimental  value  is  50%  so  the 
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discrepancy  is  perhaps  less  than  a factor  of  two.  The  experimental 
separation  of  intensities  (13)  for  V and  for  is  confirmed  by  the 
quantum  mechanical  calculation. 

Comparison  of  APT's  for  formaldehyde 

The  quantum  mechanically  calculated  APT's  for  the  oxygen  and 
carbon  atoms  of  formaldehyde  are  seen  in  Table  5-12  to  agree  reason- 
ably well  with  the  experimental  APT's  derived  for  those  atoms  (13). 

The  general  trend  observed  in  the  quantum  mechanically  calculated 
APT's  for  the  oxygen  and  carbon  atoms  is  that  each  element  in  the 
calculated  APT's  is  slightly  larger  than  the  corresponding  value 
in  the  experimental  APT's.  Larger  differences,  however,  are  expected 
in  the  calculated  and  experimental  APT's  for  the  hydrogen  atoms 
of  formaldehyde  because  the  modes  for  which  the  predicted  intensities 
most  disagreed  with  experiment  were  the  ones  involving  displacement 
of  the  hydrogen  atoms. 

We  have  chosen  to  compare  the  APT's  for  the  hydrogen  atom  in 

the  bond  cartesian  coordinate  system  illustrated  in  Fig.  5-9.  The 

experimental  APT  and  the  quantum  mechanically  calculated  APT  for 

the  hydrogen  atom  expressed  in  this  coordinate  system  are  compared 

in  Table  5-14.  We  have  included  also  in  Table  5-14  the  APT  calculated 

for  the  hydrogen  atom  by  the  CNDO  method  (13) . The  APT  quantum 

mechanically  calculated  with  a 4-31G  basis  set  shall  be  denoted  the 

"ab  initio  APT"  and  the  APT  calculated  by  the  CNDO  method  shall  be 

called  the  "CNDO  APT"  in  the  discussion  which  follows.  The  9p  /9z 

z 

element  is  the  same  (-0. 20+0. Ole)  in  each  of  the  three  APT's  pre- 


sented in  Table  5-14,  so  we  may  be  reasonably  confident  of  the  value. 


Fig.  5-9.  Bond  coordinate  system  for  hydrogen.  The  APT's 
given  in  TABLE  5-14  for  the  hydrogens  of 
formaldehyde  are  expressed  in  this  coordinate 
system.  The  y axis  is  directed  out  of  the  plane 
of  the  molecule  and  determined  by  the  right 
hand  rule. 
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TABLE  5-14 

COMPARISON  OF  EXPERIMENTAL  AND  QUANTUM  MECHANICAL  APT'S 
FOR  HYDROGEN  IN  FORMALDEHYDE 
(units  are  e) 


VHi,a  = 

X (Hi) 

VHi|b  = 

X(H1) 

Px(Hi)C  = 
X(Hi) 


/- 0.021 

° 

\ 0.002 


0.003 

0 

\ 0.035 


/- 0.050 
° 

\ 0.060 


0 

0.081 

0 

0.12 

0 

0.103 

0 

0.14 


0 

0.050 

0 

0.12 


-0 . 032 \ 
0 

-0.187/ 


experimental 


0 . 044\ 
0 

-0.210 / 


ab  initio 


0 . 019\ 
0 

-0.19  / 


CNDO 


aExperimental  APT  for  H^  taken  from  Person  and  Newton  (13) . 

^Quantum  mechanically  calculated  APT  for  H^  using  GAUSSIAN  70 
with  a 4-31G  basis  set. 

Q 

Calculated  by  the  CNDO  method;  taken  from  reference  (13) . 

The  bond  coordinate  system  is  shown  in  Fig.  5-9 
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This  derivative  corresponds  to  the  C-H  stretching  motion (See  Fig.  5-9) 

The  experimental  derivative  for  displacement  of  the  hydrogen  out  of 

the  plane  of  the  molecule  (9p^/9y)  is  well  predicted  by  the  ab  initio 

APT  and  almost  equally  as  well  by  the  CNDO  APT.  When  we  examine  the 

dipole  moment  changes  that  occur  when  the  hydrogen  atom  is  displaced 

along  x (a  CH^  bending  motion) , we  find  that  neither  the  ab^  initio 

APT  nor  the  CNDO  APT  agrees  with  the  experimental  APT.  In  particular, 

the  ab  initio  APT  predicts  essentially  no  change  in  the  dipole  moment 

along  x as  the  hydrogen  atom  is  displaced  in  that  direction  (the 

9p^/9x  term) ; rather  the  z component  of  the  dipole  moment  changes  most 

when  the  hydrogen  atom  is  displaced  along  x (the  9p  /9x  term) . The 

z 

situation  is  reversed  in  the  experimental  APT  where  the  3p  /3x  term 

z 

is  essentially  zero.  The  CNDO  APT  predicts  a nonzero  dipole  moment 

change  for  9p^/9x,  but  also  a nonzero  dipole  moment  change  for 

3p  /9x.  Thus,  a nonzero  value  for  the  9p  /9x  term  is  probably  correct 
z z 

Such  a nonzero  value  for  this  term  might  be  found  for  the  experimental 

APT  if  different  assumptions  were  made  for  the  experimental  intensity 

ratios  of  V.  to  V,  and  V,_  to  . 

4 1 5 6 

Acetone 

We  have  transferred  APT's  to  both  alcohols  and  ethers  and  have 
thus  been  able  to  predict  the  absolute  intensities  within  at  least  a 
factor  of  two.  We  now  wish  to  consider  the  possibility  of  predicting 
absolute  intensities  for  ketones  through  the  use  of  transferred  APT's. 
The  ketone  chosen  for  this  study  was  acetone.  We  shall  transfer 
APT's  from  ethane  to  the  atoms  in  the  two  methyl  groups  of  acetone 
and  transfer  the  carbonyl  oxygen  APT  from  formaldehyde  to  acetone. 
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Quantum  mechanical  APT's  for  acetone  were  calculated  also,  and  these 
APT's  will  be  compared  with  those  calculated  for  methanol. 

APT's  and  Absolute  Intensities  for  Acetone 

Absolute  intensities  for  acetone  were  predicted  by  transferring 
experimental  APT's  to  acetone  from  ethane  (61)  (see  also  Table  4-12) 
and  from  formaldehyde  (13).  The  APT's  for  the  methyl  hydrogen  atoms 
and  the  methyl  carbon  atoms  were  transferred  from  ethane,  while  the 
carbonyl  oxygen  APT  was  transferred  from  formaldehyde.  This  left 
the  carbonyl  carbon  APT  to  be  determined  by  the  null  condition.  The 
resulting  set  of  APT's  transferred  to  acetone  is  shown  in  Table  5-15; 
the  orientation  of  the  cartesian  coordinate  axes  and  the  atomic 
numbering  system  are  shown  in  Fig.  5-10.  The  APT's  for  all  of  the 
atoms  of  acetone  are  not  listed  in  Table  5-15  since  several  atoms  of 
acetone  are  related  by  reflections  through  the  symmetry  planes 
of  the  molecule. 

We  calculated  also  the  quantum  mechanical  APT's  for  acetone 
using  the  GAUSSIAN  70  program  with  a 4-31G  basis  set.  These  quantum 
mechanical  APT's  are  presented  in  Table  5-15. 

Absolute  intensities  were  calculated  for  acetone  using  both 
sets  of  APT's  given  in  Table  5-15.  The  normal  coordinates  were  cal- 
culated from  the  Urey-Bradley  force  field  for  acetone  reported  by 
Mann  and  Dixon  (91) . The  experimental  geometry  was  taken  from  the 
microwave  study  of  acetone  by  Nelson  and  Pierce  (75).  The  details 
of  the  normal  coordinate  analysis  and  the  A and  L matrices  may  be 
found  in  Appendix  A.  The  absolute  intensities  predicted  for  acetone 
are  presented  in  Table  5-16.  Included  also  in  Table  5-16  are  the 
experimental  absolute  intensities  measured  for  acetone  by  Vakhlueva, 
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Fig.  5-10.  Coordinate  system  for  acetone.  The  y axis  is  deter- 
mined by  the  right  hand  rule.  The  APT's  given  in 
TABLE  5-15  are  expressed  in  this  coordinate  system 
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TABLE  5-15 

TRANSFERRED  AND  QUANTUM  MECHANICAL  APT'S  FOR  ACETONE 
THE  COORDINATE  SYSTEM  IS  SHOWN  IN  FIG.  5-10. 
(units  are  electrons  (e) ) 


APT's  transferred  from: 5 

CH..CH  and  H?CO  ab  initio 

-5  j — 


-0.412 

0 

0 

1-0. 724 

0 

0 

PX(°1} 

0 

-0.741 

0 

0 

-1.13 

0 

0 

0 

-0.327 

o 

0 

-0.390 

X(Oi) 

0.53 

0.81 

I 0.412 

0 

0 ^ 

1.04 

0 

0 

PX(C2) 

0 

0.619 

0 

0 

1.17 

0 

0 

0 

0.449 

\ 0 

0 

0.223 

X(c2) 

0.50 

0.92 

/ 0.026 

-0.061 

o 

/-0.274 

-0.076 

0 

PX(C3) 

-0.061 

0.089 

0 

-0.114 

-0.069 

0 

\ 0 

0 

0.127 

V 0 

0 

0.039 

X(C3) 

0.10 

0.18 

1-0 . 092 

-0.122 

o 

/-0.050 

-0.099 

0 

, . d 

?X  H5 

-0.077 

-0.044 

0 

1 

-0.056 

0.023 

0 

\ 0 

0 

0.055 

V 0 

0 

0.101 

X(h5) 

0.11 

0.09 

/ 0.033 

0.031 

0 . 046 

1 0.082 

0.013 

0.008 

PX(H6)S 

0.016 

0.008 

-0.096 

( 

0.001 

0.012 

-0.120 

\ 0.009 

-0.074 

-0.121) 

Uo.041 

-0.085 

-0.028 

X(H6) 

0.11 

0.10 

continued 


TABLE  5-15-continued 


SThe  APT  for  the  carbonyl  oxygen  atom  was  transferred  from 
formaldehyde  (13),  the  APT  for  the  carbonyl  carbon  atom  was 
calculated  by  difference,  and  the  APT's  for  the  remaining 
atoms  were  transferred  from  ethane  (61) . 
b 

APT's  calculated  using  GAUSSIAN  70  with  a 4-31G  basis  set. 

C 

The  APT  for  C4  is  obtained  by  reversing  the  signs  of  all  the 
off-diagonal  elements  in  Px(C3)  involving  x. 

The  APT  for  Hg  is  obtained  by  reversing  the  signs  of  all  the 
off-diagonal  elements  in  Px(Hg)  involving  x. 
e 

The  APT  for  Hgg  is  obtained  by  reversing  the  signs  of  all  the 

off-diagonal  elements  in  P^(Hg)  involving  x.  The  APT  for  H7 

is  obtained  by  reversing  the  signs  of  all  the  off-diagonal 

elements  in  P^(Hg)  involving  z.  The  APT  for  Hg  is  obtained 

by  reversing  the  signs  of  all  the  off-diagonal  elements  in 

P (Hg)  involving  y 
X 
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TABLE  5-16 

PREDICTED  ABSOLUTE  INTENSITIES  FOR  ACETONE 
(units  are  km  mol-l) 

A (pred . , 


Mode (cm 


-1.  a 


V(C-H) 


A (exp) 


c A (pred.,  d 
transferred  APT's)  ab  initio) 


f v (3020) 

\u' 

27 

1 

7.7 

V13(3020) 

J 

27 

14 

V2q(2973) 

30 

)>  44 

79 

> 169 

17  r 

V2  (2926) 

10 

21 

V, „ (2926) 

26 

2.5, 

l 14 

62 


V(C=0  V3  (1738) 


r V (1456) 

V (1438) 
4 

6(C-H)  { V (1438) 

V (1363) 
16 


150 


^ V5  (1360) 


35 


69 


104 


53 

A 

0.4 
2 3 

1.2  > 25 

6.0 

0.1 


170 

6.4^ 

43 

25  } 101 
17 


10 


J 


V (C-C)  V (1218) 
a 17 


68 


13 


112 


6(CCH)  j 

V22(1093) 

\s 

8.2  1 

[v  (1067) 

J 

o j 

6 (CCH) 

V10(896) 

lo 

7.8 

0.9 

V (C-C) 

(779) 

2.3 

3.0 

s 

7 

& (CCO) 

vig(528) 

} 17 

10  \ 

P(C=0) 

V (483) 

O 

J 

3.0  j 

6 (ccc) 

V23(384) 

0.7 

18 

13 


15  ] 

O.i 

3.3 

2.1 

25 

3.9 

3.4 


15 


29 


continued 
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TABLE  5-16-continued 

T(CH3)  V24(105)  -6  3.5  0.01 


Assignments  and  observed  frequencies  from  Mann  and  Dixon  (91) . 

V = stretch,  6 = bend,  p = rock,  T = torsion. 

Measured  by  Vakhlueva,  Finkel,  Sverdlov,  and  Zaitseva  (92).  We 
have  confirmed  within  +10%  the  values  reported  by  Vakhlueva  et  al. 
(92) . Uncertainties  are  thus  about  10%. 

Q 

Calculated  using  the  APT's  transferred  from  ethane  and  from 
formaldehyde.  See  TABLE  5-15. 

^Calculated  using  the  quantum  mechanically  calculated  APT's  given 
in  TABLE  5-15. 

Q 

Not  measured  by  Vakhlueva  et  al.  (92) 
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Finkel,  Sverdlov,  and  Zaitseva  (92) . The  absolute  intensities 
measured  by  Vakhlueva  et  al.  (92)  have  been  confirmed  in  our 
laboratory  to  within  + 10%. 

Discussion  of  Results  for  Acetone 
Predicted  absolute  intensities 

The  absolute  intensities  predicted  using  the  transferred 
APT's  for  acetone  will  be  discussed  first.  A comparison  with 
experiment  of  the  total  intensity  predicted  for  the  C-H  stretching 
region  near  3000  cm  ^ shows  that  the  predicted  intensity  is  too 
large  almost  by  a factor  of  four.  The  total  intensity  predicted 
for  the  C-H  bending  region  (near  1400  cm  ■*■)  is  over  a factor  of  four 
too  small.  The  absolute  intensity  predicted  for  the  C=0  stretch 
(V3)  is  a factor  of  three  too  low.  We  observe  also  that  the  pre- 
dicted intensity  of  the  antisymmetric  C-C  stretch  (V  ) is  a factor 
of  over  five  too  small.  The  experimental  absolute  intensities  for 
most  of  the  remaining  vibrational  modes  are  small,  and  we  certainly 
do  not  expect  to  predict  accurately  intensities  for  these  modes 
since  the  predicted  intensities  for  the  more  intense  modes  are 
in  error  by  multiples  of  the  experimental  values.  Thus,  the  agree- 
ment with  experiment  of  the  predicted  intensity  (3.0  km  mol  ^ pre- 
dicted, 2.3  km  mol  1 experimental)  for  the  symmetric  C-C  stretch 
(V  ) is  probably  fortuitous. 

The  intensities  predicted  for  acetone  by  transferring  APT's 
from  ethane  and  from  formaldehyde  are  thus  seen  to  be  in  much  worse 
agreement  with  experiment  than  were  the  intensities  predicted  for 
the  alcohols  and  ethers.  We  were  able  to  predict  absolute  intensities 
for  methanol,  ethanol,  and  dimethyl  ether  to  within  a factor  of  two, 
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and  some  vibrational  intensities  were  predicted  very  well  indeed,  as 
seen  for  example  in  Fig.  5-7.  The  intensities  predicted  for  acetone, 
on  the  other  hand,  are  in  error  by  several  multiples  of  the  experimental 
value. 

We  could  transfer  APT's  from  other  molecules  such  as  methanol  in  an 
attempt  to  improve  the  prediction  for  the  C-H  stretching  and  bending  re- 
gions, but  the  predicted  intensities  would  still  be  in  error.  We  can  see 
why  this  is  so  if  we  examine  the  experimental  APT’s  for  the  methyl  hydro- 
gens in  ethane  and  in  methanol  (Table  4-12).  Both  these  APT's  have  the 
same  value  for  the  Sp^/Bz  term.  (Here  we  are  considering  a bond  coordi- 
nate system  with  the  z axis  directed  along  the  C-H  bond,  as  in  Fig.  4-6). 

To  predict  the  drastic  decrease  in  the  intensity  for  the  C-H  stretching 

region  of  acetone,  however,  the  9p  /9z  term  in  the  hydrogen  APT  must 

z 

change  dramatically  from  that  in  ethane. 

We  noted  above  that  the  intensity  predicted  for  the  carbonyl  stretch- 
ing mode  in  acetone  is  a factor  of  three  too  small  using  the  oxygen 
APT  transferred  from  formaldehyde.  The  absolute  intensity  for  the  carbonyl 
stretching  mode  is  59  km  mol  ^ in  formaldehyde  (86)  and  150  km  mol 

■k 

in  acetone.  This  increase  in  intensity  could  be  due  either  to  differences 
in  the  normal  coordinates  or  to  changes  in  the  APT's.  Differences  in 
the  normal  coordinates  may  be  investigated  as  follows.  The  carbonyl 
carbon  APT  was  calculated  by  difference  and  thus  is  not  the  same  as 
in  formaldehyde.  We  therefore  repeated  the  calculation  of  the  absolute 
intensities  for  acetone  using  APT's  both  for  the  carbonyl  carbon  and  for 

•k 

Interestingly,  the  absolute  intensity  for  the  carbonyl  stretch  in  ace- 
taldehyde is  146  km  mol~l  (93)  and  thus  not  midway  between  the  values 
for  formaldehyde  and  for  acetone. 
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the  carbonyl  oxygen  atoms  transferred  from  formaldehyde.  The  methyl 

carbon  APT's  were  calculated  by  difference.  This  procedure  does 

not  give  the  correct  form  of  the  APT's  for  the  methyl  carbon  atoms 

because  the  off-diagonal  APT  elements  9p  /9x  and  9p  /9y  are  then 

y x 

indeterminant  because  of  the  symmetry  of  the  molecule,  but  the 
calculation  does  indicate  whether  the  intensity  for  the  carbonyl 
stretching  vibration  can  be  predicted  accurately.  This  new 
calculation  predicted  an  intensity  of  96  km  mol  ^ for  the  C=0 
stretch  in  acetone.  Since  the  two  same  APT's  (carbonyl  carbon  and 
oxygen)  in  formaldehyde  give  an  intensity  of  59  km  mol  ^ for  the 
carbonyl  stretching  mode,  the  L matrix  in  acetone  must  be  responsible 
for  the  increase  in  intensity  of  37  km  mol  \ A mixing  of  the  pure 
carbonyl  stretch  with  other  vibrations  of  acetone  (through  the  L 
matrix)  is  thus  responsible  for  about  half  the  total  increase  in 
intensity  of  the  carbonyl  stretching  mode  in  acetone  compared  to 
formaldehyde.  How  the  remaining  increase  of  50  km  mol  ^ in  intensity 
comes  about  will  be  discussed  when  the  quantum  mechanically  cal- 
culated APT's  for  formaldehyde  and  for  acetone  are  compared. 

Let  us  now  consider  the  absolute  intensities  predicted  using 
the  quantum  mechanically  calculated  APT’s  for  acetone.  We  see  in 
Table  5-16  that  the  total  intensity  for  the  C-H  stretching  region 
is  well  reproduced  by  the  ab  initio  calculation,  but  that  the  dis- 
tribution of  intensity  among  the  five  vibrational  modes  is  cal- 
culated rather  poorly  compared  to  the  experimental  distribution.  A 
similar  situation  occurs  in  the  C-H  bending  region  from  about 
1480  cm  to  1350  cm  ^ where,  although  the  total  intensity  is  cal- 
culated amazingly  close  to  the  experimental  value  (101  km  mol 
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calculated,  104  km  mol  measured) , the  distribution  of  intensity 
is  again  inaccurately  calculated. 

As  with  formaldehyde  (see  Table  5-13) , the  intensity  for  the 
carbonyl  stretching  mode  (V^)  in  acetone  is  quite  accurately  pre- 
dicted using  the  APT's  calculated  with  the  4-31G  basis  set;  the 
intensity  predicted  by  the  4-31G  calculation  is  only  13%  too  large. 
Since  the  intensity  for  the  carbonyl  stretching  vibration  is  in 
good  agreement  with  experiment  for  both  formaldehyde  and  acetone, 
we  suggest  that  the  4-31G  basis  set  provides  a good  representation 
for  the  dipole  moment  function  for  a carbonyl  group. 

The  ab  initio  calculation  overestimates  the  intensity  of  the 
antisymmetric  C-C  stretching  mode  (V  ) < but  the  predicted  intensity 
is  still  well  within  a factor  of  two.  The  symmetric  C-C  stretching 
mode  ( \ ) ) has  an  experimental  intensity  of  2.3  km  mol  this  value 
is  almost  exactly  reproduced  by  the  quantum  mechanical  calculation 
(2.1  km  mol  ^) , but  the  experimental  intensity  is  so  small  and 
therefore  uncertain  that  the  agreement  is  probably  fortuitous. 

We  have  seen  that  the  quantum  mechanically  predicted  absolute 
intensities  for  acetone  are  in  much  better  agreement  with  experi- 
ment than  are  the  intensities  predicted  by  transferred  APT's.  The 
absolute  intensities  predicted  for  acetone  by  the  two  methods  can 
be  compared  easily  by  plotting  simulated  spectra. 

Simulated  spectra 

The  simulated  spectrum  (See  Appendix  B)  for  acetone  using  the 
absolute  intensities  predicted  by  the  transferred  APT's  is  shown 
in  Fig.  5-11 (a).  The  simulated  spectrum  based  on  the  quantum 
mechanically  calculated  intensities  is  shown  in  Fig.  5-11 (b). 


Fig.  5-11.  Comparison  of  simulated  and  experimental  spectra  for 
acetone.  All  three  spectra  are  plotted  for  1.29  kPa 
in  a 10  cm  cell. 

(a)  Simulated  spectrum  of  acetone  using  absolute 
intensities  predicted  by  transferring  APT's  from 
ethane  and  formaldehyde. 

(b)  Simulated  spectrum  using  quantum  mechanically 
calculated  intensities. 

(c)  Experimental  spectrum  of  acetone  measured  with 
the  Nicolet  Model  7199  FT-IR 
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Both  simulated  spectra  are  compared  with  the  experimental  spectrum 
(Fig.  5-11 (c) ) of  acetone. 

The  simulated  spectrum  based  on  the  transferred  APT's  does 
not  look  at  all  like  the  experimental  spectrum  of  acetone.  Indeed, 
one  would  have  difficulty  in  identifying  Fig.  5-11 (a)  on  the  basis 
of  the  intensity  pattern  as  a spectrum  of  acetone.  The  simulated 
spectrum  based  on  the  quantum  mechanically  calculated  intensities, 
however,  shows  much  better  agreement  with  the  experimental  spectrum. 
Although  the  relative  intensities  for  the  two  moderately  intense 
bands  in  the  C-H  bending  region  are  reversed  compared  with  the 
experimental  spectrum,  the  overall  intensity  pattern  in  the  simulated 
spectrum  compares  favorably  with  the  experimentally  observed  spectrum 
of  acetone.  We  see,  in  general,  factor -of -two  agreement  with 
experiment  for  the  quantum  mechanically  calculated  intensities 
and  much  worse  agreement  for  the  intensities  based  on  the  transferred 
APT ' s . 

Significant  differences  are  also  seen  between  the  two  simulated 
spectra  for  acetone.  In  particular,  the  quantum  mechanical  calculation 
predicts  the  C-H  stretching  region  to  be  less  intense  than  the  C-H 
bending  region;  the  transferred  APT's  predict  exactly  the  reverse 
situation.  The  APT's  for  the  methyl  hydrogen  atoms  of  acetone  were 
transferred  from  ethane;  the  C-H  stretching  region  for  ethane  is 
more  intense  than  is  the  C-H  bending  region,  so  a similar  prediction 
for  acetone  is  expected.  The  intensity  for  the  carbonyl  stretching 
mode  is  seen  to  be  predicted  much  too  low  by  the  APT's  transferred 
from  formaldehyde;  yet  the  intensity  predicted  quantum  mechanically 
is  in  good  agreement  with  experiment.  We  turn  now  to  a comparison 
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of  the  various  sets  of  APT's  for  acetone  to  see  what  changes  take 
place  in  the  APT's  on  going  from  formaldehyde  and  ethane  to  acetone. 
Comparison  of  APT's  for  acetone  with  the  APT's  for  other  molecules 

A comparison  of  the  quantum  mechanically  calculated  APT's  and 
the  APT's  transferred  to  acetone  from  formaldehyde  and  from  ethane 
shows  why  the  transferred  APT's  so  inaccurately  predict  the  absolute 
intensities  for  acetone.  The  two  sets  of  APT's  given  in  Table  5-15 
are  seen  to  be  not  at  all  similar. 

We  first  consider  the  APT's  for  the  carbonyl  carbon  and  oxygen 
atoms.  Neither  the  carbonyl  oxygen  APT  transferred  from  formaldehyde 
nor  the  carbonyl  carbon  APT  calculated  by  difference  agrees  with  the 
APT's  calculated  quantum  mechanically  for  those  two  atoms.  The 
overall  disagreement  is  indicated  by  the  effective  charges:  the 

effective  charge  of  the  oxygen  atom  is  35%  lower  in  formaldehyde 
than  in  acetone,  while  the  effective  charge  of  the  carbonyl  carbon 
atom  is  almost  50%  lower  in  formaldehyde.  A comparison  of  the 
APT's  given  in  Table  5-15  for  the  carbonyl  oxygen  atom  in  the  two 
molecules  shows  the  major  differences  to  be  associated  with  dis- 
placing the  oxygen  atom  along  the  C=0  bond  and  with  the  in-plane 
bending  motion  of  the  carbonyl  group. 

The  APT  quantum  mechanically  calculated  for  the  carbonyl  carbon 
atom  of  acetone  indicates  that  the  APT  calculated  by  difference 
for  this  atom  is  in  serious  error  also.  The  APT  elements  show 
factor-of-two  errors.  These  large  differences  have  profound  im- 
plications for  the  intensities  predicted  for  acetone  using  the 
transferred  APT's  because  the  intensities  depend  upon  the  squares  of 


the  dipole  moment  derivatives. 
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The  comparison  of  the  experimental  APT's  transferred  to 
acetone  and  the  APT's  calculated  quantum  mechanically  may  be  some- 
what misleading  because  the  quantum  mechanical  calculation  has 
intrinsic  errors  such  as  the  use  of  a finite  basis  set  and  the 
neglect  of  electron  correlation.  The  changes , however,  that 
occur  in  the  APT's  for  similar  molecules  should  be  reasonably  well 
predicted  by  the  quantum  mechanical  calculations  we  have  made 
because  many  of  the  same  errors  will  affect  the  results  for  both 
molecules . 

We  therefore  compare  the  APT's  quantum  mechanically  calculated 
for  formaldehyde  and  for  acetone.  By  this  comparison,  we  hope 
to  account  for  the  much  larger  experimental  absolute  intensity  for 
the  carbonyl  stretch  in  acetone  compared  to  formaldehyde  (150  km  mol  ^ 
for  acetone,  59  km  mol  ^ for  formaldehyde) . As  seen  earlier,  about 
half  the  increase  in  intensity  can  be  accounted  for  by  mixing  through 
the  L matrix  of  the  pure  carbonyl  stretch  with  other  vibrational 
modes  of  acetone.  The  remaining  increase  in  intensity  must  be  due 
to  changes  in  the  APT's. 

The  quantum  mechanically  calculated  APT's  for  the  carbonyl  carbon 
and  oxygen  atoms  of  formaldehyde  and  acetone  are  compared  in  Table 
5-17.  The  bond  cartesian  coordinate  system  for  the  comparison  is 
shown  in  Fig.  5-12.  As  indicated  by  the  greater  intensity  of  the 
carbonyl  stretch  in  acetone,  displacement  of  the  carbonyl  oxygen 
atom  along  the  C=0  bond  in  acetone  is  seen  to  result  in  a larger 
dipole  moment  change  Op^/Bz  = -1.13e)  than  occurs  in  formaldehyde 
Op  /Oz  = -0.956e).  The  same  result  is  seen  for  displacement  of  the 
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Fig.  5 12.  Bond  cartesian  coordinate  system  for  comparison  of 
the  APT's  for  the  carbonyl  carbon  and  oxygen  atoms 
of  formaldehyde  (R=H)  and  acetone  (R=CH3) . The  x 
axis  is  directed  perpendicular  to  the  plane  of 
symmetry  determined  by  the  carbonyl  group  and  the 
two  R groups.  The  y axis  is  determined  by  the  right 
hand  rule.  The  APT's  given  in  TABLE  5-17  are  relative 
to  this  coordinate  system 
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TABLE  5-17 

COMPARISON  OF  AB  INITIO  APT'S  FOR 
FORMALDEHYDE  AND  ACETONE 
(units  are  e) 


a 

APT 

Px(0)b 

X(O) 

Px<c,C 

X(C) 


Formaldehyde  Acetone 


/- 0.416 

0 

° \ 

1-0. 390 

0 

0 \ 

0 

-0.569 

0 

0 

-0.724 

0 

\ o 

0 

-0.956/ 

\ 

0 

0 

-1.13/ 

0.69 

0.81 

/ 0.211 

0 

0 ^ 

/ 0.223 

0 

0 \ 

0 

0.939 

0 

0 

1.04 

0 

\ 0 

0 

0.999 ^ 

\ 0 

0 

1.17/ 

0.80 

0.91 

aQuantum  mechanically  calculated  APT's  using  the  GAUSSIAN  70  pro- 
gram with  a 4-31G  basis  set.  The  coordinate  system  is  shown 
in  Fig.  5-12. 

^Carbonyl  oxygen  APT. 

Q 

Carbonyl  carbon  APT  . 
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carbonyl  carbon  atom  along  the  C=0  bond;  here  the  3p  /9z  term 

z 

for  acetone  is  1.17e  compared  to  0.999e  for  formaldehyde. 

The  increase  observed  in  the  dipole  derivative  (and  the 
absolute  intensity)  for  the  carbonyl  stretch  in  acetone  compared 
to  formaldehyde  has  been  explained  as  resulting  from  a decrease 
in  the  effective  electronegativity  of  the  carbonyl  carbon  atom 
in  acetone  and  a corresponding  shift  of  the  it  electrons  toward 
the  more  electronegative  carbonyl  oxygen  atom  (94) . Such  an 
effect  can  be  seen  here  by  considering  the  results  of  the  ab  initio 
quantum  mechanical  calculations  for  formaldehyde  and  for  acetone. 

Part  of  the  output  of  the  GAUSSIAN  70  program  is  a Mulliken  popula- 
tion analysis  (95)  of  the  distribution  of  the  electrons  among  the 
atoms  in  the  molecule.  The  oxygen  atom  in  formaldehyde  has  a 
Mulliken  gross  atomic  population  of  8.483e  ("8.483  electrons"  on 
the  oxygen  atom),  while  in  acetone  the  value  is  8.563e.  The 
Mulliken  gross  atomic  population  on  the  carbonyl  carbon  is  5.825e 
in  formaldehyde  and  5.518e  in  acetone.  A shift  of  the  tt  electrons 
in  acetone  toward  the  oxygen  atom  is  thus  predicted  by  the  quantum 
mechanical  calculations,  in  accordance  with  reference  (94) . 

The  Mulliken  gross  atomic  populations  indicate  also  that  the 
methyl  groups  in  acetone  are  donating  electrons  toward  the  carbonyl 
group  upon  stretching  the  C=0  bond.  For  this  discussion,  the  methyl 
hydrogen  atoms  lying  out  of  the  plane  formed  by  the  carbonyl  group 
and  the  methyl  carbon  atoms  will  be  denoted  as  "out-of-plane"  hydrogens. 
The  remaining  two  hydrogen  atoms  in  acetone  will  be  denoted  as 
"in-plane"  hydrogens.  The  Mulliken  gross  atomic  populations  on  the 


210 


methyl  hydrogens  in  acetone  show  that  when  the  carbonyl  oxygen 

o 

atom  is  stretched  0.02  A along  the  C=0  bond,  each  out-of-plane 
hydrogen  atom  loses  O.OOlle  and  each  in-plane  hydrogen  atom 
loses  0 . 0016e . The  methyl  carbon  atoms  also  donate  electrons 
toward  the  carbonyl  group,  but  to  a much  smaller  extent.  Another 
contribution  to  the  larger  dipole  derivative  for  the  carbonyl 
stretch  in  acetone  compared  to  formaldehyde  is  therefore  the 
inductive  effect  of  the  two  methyl  groups. 

Two  effects  are  thus  responsible  for  the  factor-of-three 
increase  in  intensity  of  the  carbonyl  stretching  mode  in  acetone 
compared  to  formaldehyde.  One  effect  is  mixing  in  the  normal 
coordinates  through  the  L matrix,  and  the  other  effect  is  due  to 
the  inductive  properties  of  the  two  methyl  groups. 

Let  us  now  consider  the  APT’s  transferred  to  the  atoms  in 
the  methyl  groups  of  acetone.  As  seen  in  Table  5-15,  the  APT's 
transferred  from  ethane  do  not  agree  well  with  the  APT's  calculated 
quantum  mechanically  for  acetone.  The  methyl  carbon  APT  trans- 
ferred from  ethane  to  acetone  is  very  different  from  the  quantum 
mechanically  calculated  APT.  Even  the  diagonal  APT  elements  are 

very  different;  the  9p  /9x  term  in  the  transferred  APT,  for  ex- 

x 

ample,  is  only  0.026e,  while  the  same  term  in  the  quantum  mechani- 
cally calculated  APT  is  -0.274e.  Furthermore,  the  quantum 
mechanically  predicted  effective  charge  for  the  methyl  carbon  atoms 
is  almost  twice  as  large  as  the  effective  charge  transferred  from 


ethane. 
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If  we  examine  the  effective  charges  transferred  from  ethane 
to  the  methyl  hydrogen  atoms  in  acetone,  we  find  essentially  the 
same  effective  charges  as  calculated  quantum  mechanically.  This 
agreement  is  deceptive,  however,  because  the  distribution  of  the 
dipole  derivatives  within  the  hydrogen  APT's  is  much  different 
from  the  distribution  in  the  quantum  mechanically  calculated  APT's. 
This  inaccurate  distribution  in  the  transferred  APT's  is  reflected 
in  the  absolute  intensities  predicted  for  the  vibrational  modes 
of  acetone  involving  displacement  of  the  hydrogen  atoms . 

We  recall  that  the  total  intensity  predicted  for  the  C-H 
stretching  region  was  much  larger  than  the  total  intensity  pre- 
dicted for  the  C-H  bending  region  (See  Table  5-16) ; the  experi- 
mental absolute  intensities,  however,  show  the  opposite  to  be  the 
case  with  the  C-H  bending  region  being  twice  as  intense  as  the 
C-H  stretching  region.  We  saw  also  that  the  experimental  APT's 
for  the  methyl  hydrogen  atoms  in  ethane  and  in  methanol  were 
nearly  identical  (See  Table  4-12),  so  let  us  compare  the  APT's 
calculated  quantum  mechanically  for  the  in-plane  and  out-of -plane 
hydrogen  atoms  in  acetone  and  in  methanol.  (Atomic  polar  tensors 
calculated  for  ethane  using  a 4-31G  basis  set  are  not  available 
in  the  literature.) 

The  APT's  quantum  mechanically  calculated  for  the  methyl 
hydrogens  of  methanol  and  acetone  are  compared  in  Table  5-18.  The 
coordinate  system  for  the  in-plane  hydrogen  atom  is  shown  in 
Fig.  5-13  (a),  while  the  coordinate  system  for  the  out-of-plane 
hydrogen  atom  is  shown  in  Fig.  5-13(b).  Comparing  first  the  APT's 


Fig.  5-13.  Coordinate  system  for  comparison  of  APT's  in  methanol 
and  in  acetone.  See  TABLE  5-18. 

(a)  Coordinate  system  for  the  in-plane  hydrogen,  the 
hydrogen  lying  in  the  COH  (CCO)  plane  of  methanol 
(acetone) . The  y axis  is  determined  by  the  right 
hand  rule. 

(b)  Coordinate  system  for  the  out-of-plane  hydrogen. 
The  x axis  lies  in  the  H2CHg  plane,  and  y is 
determined  by  the  right  hand  rule  . 
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(b) 
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TABLE  5-18 

COMPARISON  OF  QUANTUM  MECHANICAL  APT'S  FOR 
METHANOL  AND  ACETONE 
(units  are  e) 


a 

APT 


Methanol 


Acetone 


V"1  , 

in  pi. 


X<H> 


vv  „ , , 

out  pi.) 


X(H) 


0.04 

0 

-0.01\ 

/ 0.07 

0 

-0 . 04\ 

0 

0.08 

0 

0 

0.10 

0 

0.01 

0 

-0.131 

V-0.0 

0 

-0.10/ 

0.09 

0.09 

0.02 

0.03 

0.03\ 

/ 0.10 

0.02 

-0 . 03\ 

0.04 

-0.01 

0.06 

0.01 

0.08 

0.0 

0.04 

0.01 

-0.22 

\ 0.0 

-0.05 

-0.11/ 

0.14 

0.10 

aQuantum  mechanically  calculated  APT's  using  the  GAUSSIAN  70 
program  with  a 4-31G  basis  set. 

^APT  for  the  in-plane  methyl  hydrogen  atom.  See  Fig.  5-13(a). 
c 

APT  for  the  out-of-plane  methyl  hydrogen  atom.  See  Fig.  5-13 (b) 
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for  the  in-plane  hydrogen  atoms  in  methanol  and  in  acetone,  we 
see  that  the  differences  are  not  extremely  large  in  magnitude. 

These  differences  are  important,  though,  for  a hydrogen  APT 
becuase  the  transformation  from  the  matrix  to  the  P^  matrix 
introduces  an  inverse  dependence  on  the  atomic  masses.  Consequently, 
the  magnitudes  of  the  differences  observed  in  the  APT's  for  the 
in-plane  hydrogen  atom  are  much  more  important  for  the  predicted 
intensities  than  would  be  the  same  differences  in  an  APT  for 
a heavier  atom  such  as  carbon. 

Now  we  examine  in  Table  5-18  the  APT's  for  the  out-of -plane 

methyl  hydrogens  in  methanol  and  in  acetone.  The  9p^/9z  term 

(the  dipole  moment  change  induced  along  the  C-H  bond  when  the 

hydrogen  atom  is  stretched  along  the  C-H  bond)  is  twice  as  big 

in  methanol  as  it  is  in  acetone.  In  contrast,  the  9p  /9x  term 

x 

corresponding  to  the  dipole  moment  change  when  the  HCH  angle  is 
bent  (See  Fig.  5-13 (b) ) is  much  larger  in  acetone  (O.lOe)  than 
in  methanol  (0.02e).  This  then  is  why  the  intensity  of  the  C-H 
stretching  region  in  acetone  is  smaller,  but  the  intensity  of  the 
C-H  bending  region  is  larger  when  these  two  regions  are  compared 
with  the  spectrum  observed  for  methanol. 

The  reason  for  the  differences  in  the  methyl  out-of-plane 
hydrogen  APT's  in  methanol  and  in  acetone  can  be  understood  by 
considering  the  effect  Of  the  two  nonbonding  pairs  of  electrons  on 
the  oxygen  atom  in  methanol.  Lone  pairs  of  electrons  on  atoms  to 
which  a methyl  group  is  attached  are  known  to  affect  the  equilibrium 
geometry  of  the  methyl  group  (96) . The  C-H  bonds  trans  to  a lone 
pair  are  longer  and  weaker  than  normal  (96) , and  thus  have  force 


216 


constants  smaller  than  normal  (70) . One  explanation  of  these 
observations  is  that  the  lone  pairs  of  electrons  are  being  partially- 
donated  to  the  0*  antibonding  C-H  orbitals  of  the  out-of-plane 
C-H  bonds  (97) . Such  interactions  do  not  occur  in  methanol  for  the 
in-plane  C-H  bond,  but  they  do  occur  for  the  two  out-of-plane  C-H 
bonds  which  are  trans  to  the  two  lone  pairs  of  electrons  on  the 

O 

oxygen  atom.  Thus,  the  out-of-plane  C-H  bonds  in  methanol  are  0.006  A 
longer  than  the  in-plane  C-H  bond  (98) , and  the  out-of -plane  C-H 

O 

bonds  have  a stretching  force  constant  which  is  0.11  mdyn/A  lower 
than  that  for  the  in-plane  C-H  bond  (70).*  The  lower  stretching 
force  constants  for  the  out-of-plane  C-H  bonds  lower  the  frequencies 
for  these  stretches  and  hence,  along  with  Fermi  resonance  (99), 
contribute  to  the  Bohlmann  bands  observed  near  2780  cm  1 for  methanol 
(70)  . 

The  APT's  we  have  calculated  quantum  mechanically  for  the  out- 

of-plane  methyl  hydrogens  of  methanol  enables  us  to  see  another  effect 

on  the  methyl  group  of  the  lone  pairs  of  electrons  on  the  oxygen 

atom.  We  see  in  Table  5-18  that  the  3p  /9z  term  is  almost  twice  as 

z 

large  as  for  the  out-of-plane  hydrogens  as  it  is  for  the  in-plane 
hydrogen.  The  density  of  electrons  in  the  region  of  space  "occupied" 
by  the  lone  pair  of  electrons  trans  to  the  out-of -plane  C-H  bond 


*The  methyl  group  in  methanol  is  also  tilted  3.3°  away  from  the 
0-H  bond  (55) , but  this  has  been  attributed  to  repulsions  between 
the  O-H  bond  and  the  out-of-plane  C-H  bonds  rather  than  interactions 
due  to  the  lone  pairs  of  electrons  on  the  oxygen  atom  (96) . 
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apparently  decreases  when  the  out-of-plane  C-H  bond  is  stretched, 

with  an  electron  flow  from  the  oxygen  toward  to  methyl  group. 

Such  an  enhanced  dipole  moment  change  when  the  in-plane  C-H 

bond  is  stretched  is  not  possible,  and  the  3p  /9z  term  is  thus 

z 

much  smaller  for  the  in-plane  C-H  stretch. 

Summary 

We  have  seen  in  this  Chapter  that  atomic  polar  tensors 
transferred  from  other  molecules  to  methanol,  to  ethanol,  and  to 
dimethyl  ether  result  in  predicted  absolute  intensities  which  show 
factor-of-two  agreement  with  experiment.  The  ab  initio  quantum 
mechanical  calculations  using  a 4-31G  basis  set  (and  using  much 
more  computer  time)  also  predict  within  a factor-of-two  the 
experimental  absolute  intensities  for  these  molecules.  The 
absolute  intensities  calculated  for  acetone  using  transferred 
APT's,  however,  were  seen  to  give  predicted  intensities  showing 
f actor-of-f ive  (or  six)  disagreement  with  the  experimental  intensities. 
The  ab  initio  quantum  mechanical  calculations  for  acetone  predicted 
absolute  intensities  having  factor-of-two  agreement  with  experiment. 

A comparison  of  APT's  calculated  quantum  mechanically  for  acetone 
and  the  APT's  transferred  to  acetone  indicated  that  the  transferred 
APT's  inaccurately  described  the  electrical  properties  of  the  atoms 
in  acetone. 

We  should  certainly  be  able  to  use  the  APT's  presented  in  this 
dissertation  to  predict  infrared  intensities  accurate  to  a factor- 
of-two  for  other  alcohols  and  ethers.  If  the  experimentally  measured 
absolute  intensities  for  the  absorption  regions  of  acetone  could  be 
accurately  divided  into  intensities  for  each  of  the  normal  modes 
of  vibration,  experimental  APT's  could 
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be  obtained  also  for  acetone.  We  see  no  reason  why  such  a set 
of  experimental  APT's  for  acetone  could  not  be  used  to  predict 
accurate  intensities  for  other  ketones. 


APPENDIX  A 


NORMAL  COORDINATE  ANALYSIS 

Normal  coordinates  for  methanol,  ethanol,  dimethyl  ether, 
and  acetone  were  calculated  using  the  normal  coordinate  analysis 
programs  WMAT  and  CHARLY  developed  at  the  University  of  Minnesota 
and  modified  by  Sanchez  (100)  for  use  on  the  IBM  370/175  computer 
at  the  University  of  Florida.  Dr.  J.  Newton  provided  us  with 
a consistent  set  of  A_  and  L matrices  for  formaldehyde,  so  the 
calculation  of  the  normal  coordinates  was  unnecessary. 

Methanol 

The  force  field  for  methanol  (C  symmetry)  has  been  investigated 

s 

several  times  (56,  59,  70,  101);  the  normal  coordinate  analysis  has 
been  complicated  because  the  alcohol  has  many  overlapping  normal 
modes  so  that  accurate  frequencies  and  assignments  have  proved 
difficult.  We  have  chosen  to  use  the  force  field  for  methanol 
reported  by  Mallinson  (56)  because  it  appears  to  be  the  most  complete 
experimentally  derived  force  field  for  methanol.  The  analysis  by 
Mallinson  (56)  is  based  on  matrix  data  for  ten  isotopic  species  of 
methanol.  We  have  also  used  an  ab  initio  force  field  scaled  to 
reproduce  the  experimental  frequencies  of  methanol;  this  force 
field  was  reported  by  Blom,  Otto,  and  Altona  (59).  The  molecular 
geometry  for  methanol  was  taken  from  the  microwave  study  of  methanol 
by  Lees  and  Baker  (55);  this  geometry  was  used  for  the  normal  coordinate 
analysis  using  the  force  field  reported  by  Mallinson  (56). 
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For  the  normal  coordinate  analysis  using  the  force  field  reported 
by  Blom  et  al.  (59) , we  used  the  geometry,  atomic  numbering  system, 
coordinate  system,  and  symmetry  coordinates  given  by  Blom  et  al.  (59). 
The  two  geometries  for  methanol  are  shown  in  Fig.  A-l.  The  internal 
displacement  coordinates  and  symmetry  coordinates  for  methanol  are 
presented  in  Tables  A-l  and  A-2 . The  A_,  L,  B,  and  L ^ matrices 
derived  from  the  two  force  fields  for  methanol  are  shown  in  Tables  A- 3 
through  A-10.  (Throughout  the  tables  in  this  Appendix,  only 
nonzero  elements  are  indicated.  The  order  is  row,  column  and  matrix 
element.) 

Ethanol 

The  force  field  for  ethanol  was  discussed  in  Chapter  5.  The 
only  force  field  available  in  the  literature  is  the  force  field 
reported  by  Zemlyanukhina  and  Sverdlov  (79) . We  have  calculated 
the  normal  coordinates  from  this  force  field  and  also  from  a force 
field  we  derived  for  ethanol  using  force  constants  transferred  from 
methanol  (59)  and  from  propane  (80).  The  geometry  for  ethanol  is 
taken  from  the  microwave  study  of  ethanol  by  Sasada,  Takano,  and 
Saton  (73).  This  geometry  is  shown  in  Fig.  A-2.  The  internal  dis- 
placement coordinates  and  symmetry  coordinates  are  shown  in 
Tables  A-ll  and  A-12.  The  symmetrized  F_  matrix  from  the  transferred 
force  constants  is  shown  in  Table  A-13,  and  the  frequencies  cal- 
culated from  these  force  constants  are  compared  with  the  experimentally 
observed  frequencies  in  Table  A-14.  The  A_  and  L matrices  derived 
from  both  force  fields  for  ethanol  are  presented  in  Tables  A-15 


through  A-18. 
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We  note  here  also  the  conversion  from  the  force  constants 

-2 

xn  units  of  cm  reported  by  Zemlyanukhina  and  Sverdlov  (79)  to 
force  constants  in  units  of  dyn/cm.  Let  us  denote  any  particular 
force  constant  given  in  reference  (79)  by  f 1 ; then  we  derive  that 

i-2  2 2 

f (dyn/cm)  =gf  (cm  ) (4  c /N) 
or,  evaluating  the  constants, 

i -2  2-2  -1 

f (dyn/cm) =gf (cm  ) (0.058919  cm  sec  u g) 

Here  g is  a weighting  factor  which  arises  because  Soviet  workers 
use  a dimensionless  G matrix  (6)  and  is  given  by  the  following: 

g = m , for  stretching  force  constants 

H 

g = m r , for  stretch-bend  interactions 

y H CH 

2 

g = m r , for  bending  force  constants. 

^ H CH 

See  Sverdlov  et  al.  (6)  for  a discussion  of  the  values  of  m and  r . 

H CH 

Dimethyl  Ether 

The  force  field  for  dimethyl  ether  has  been  studied  a number 
of  times  (43,  84,  102) , and  we  have  again  selectively  chosen  one 
of  these  published  force  fields.  We  chose  for  dimethyl  ether  the 
force  field  derived  by  Levin,  Pearce,  and  Spiker  (84);  this  force 
field  is  based  on  an  adjustment  of  eighteen  internal  force  constants 
to  reproduce  the  experimentally  observed  frequencies.  The  geometry 
for  dimethyl  ether  was  taken  from  Blukis,  Kasai,  and  Myers  (103) . 

The  geometry  for  dimethyl  ether  is  indicated  in  Fig.  A-3.  Internal 
displacement  coordinates  and  symmetry  coordinates  (84)  for  dimethyl 
ether  are  shown  in  Tables  A-19  and  A-20.  The  / and  L matrices  are 


shown  in  Tables  A-21  and  A-22. 
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Formaldehyde 

The  normal  coordinates  for  formaldehyde  were  kindly  provided 
to  us  by  Dr.  J.  Newton;  this  normal  coordinate  treatment  is 
essentially  the  same  as  described  in  reference  (13) . We  reproduce 
here  the  data.  The  geometry  (86)  for  this  normal  coordinate 
analysis  is  indicated  in  Fig.  A-4.  (For  the  ab  initio  calculation 
of  the  APT's,  we  used  the  geometry  reported  by  Oka,  Hirakawa,  and 
Shimoda  (74) . The  internal  displacement  coordinates  and  the 
symmetry  coordinates  are  listed  in  Tables  A-23  and  A-24.  The  A_ 
and  L matrices  are  presented  in  Tables  A-25  and  A-26. 

Acetone 

Several  force  fields  have  been  proposed  for  acetone  (91,  104); 
we  have  chosen  the  Urey-Bradley  force  field  for  acetone  reported 
by  Mann  and  Dixon  (91) . Acetone  has  symmetry  and  twenty-four 

(3N-6)  normal  modes  of  vibration.  Of  these  modes,  eight  have  a^ 
symmetry,  four  have  a^  symmetry,  seven  are  b^ , and  five  are  of  b^ 
symmetry.  The  vibrations  of  a^  symmetry  are  infrared  inactive.  The 
geometry  for  acetone  (See  Fig.  A-5)  was  taken  from  Nelson  and 
Pierce  (75) . Symmetry  coordinates  for  acetone  taken  from 
Cossee  and  Schachtschneider  (105)  are  shown  in  Table  A-28.  The  in- 
ternal displacement  coordinates  are  shown  in  Table  A-27.  The  A_ 


and  L matrices  are  presented  in  Tables  A-29  and  A-30. 


Fig.  A-l. 


Geometry  for  methanol.  The  atoms  are  numbered  as 
used  in  the  normal  coordinate  analysis. 


(a) 


(b) 


Geometry  used  with  the  force  field  reported  by 
Mallinson  (56) : 0 


a (2 , 1 , 4) 

= 

107°  2 1 

r (1 , 4)  = 1 . 0936o A 

a(2, 1,5) 

= 

110°  54 ' 

r (1 , 2)  = 1.426  A0 

a (5 , 1, 6) 

= 

108°  38 ' 

r (2 , 3)  = 0.9451  A 

a(  1, 2 , 3) 

= 

108° 32' 

Geometry 

used  by  Blom  et  al.  (59):  0 

a (2 , 1 , 3) 

= 

106.2° 

r ( 1,  3)  = 1.087  A 

a (2 , 1 , 5) 

= 

111.7° 

r (1 , 5)  = 1 . 09  30A 

a(5, 1,4) 

= 

109.3° 

r ( 1 , 2)  = 1.43  Aq 

a (5, 1, 3) 

= 

109.0° 

r (2, 6)  = 0.961  A 

a(l,2,6) 

= 

108.5° 
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(b) 
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TABLE  A-l 

INTERNAL  DISPLACEMENT  COORDINATES  FOR  METHANOL 

r = R ( 2 , 3) a 

r2  = R(l,4) 

r3  = R ( 1 , 5) 

r4  = R ( 1 / 6) 

r = a(5,l,6)b 
b 

r = a(4,l,6) 

6 

r?  = a (4, 1, 5) 
r8  = a (1 , 2, 3) 
rg  = a (2 , 1 , 4) 
r = a(2,l,6) 
rH=  a (2 , l , 5) 

r12=  R{1'2) 

r!3=  T (4 , 1, 2 , 3) C 


aR(i,j)  indicates  a bond  stretching  internal  coordinate 
between  atoms  i and  j . 

a(i,j,k,l)  is  an  angle  bending  coordinate  for  atoms  i,  j, 
and  k.  Atom  j is  the  apex  atom. 

CT(i,  j,  k,  1)  is  a torsional  internal  coordinate  with  T 
being  the  change  in  the  dihedral  angle  between  the  vectors 


ji  and  kl 
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TABLE  A- 2 

UNNORMALIZED  SYMMETRY  COORDINATES  FOR  METHANOL 


s = 

r. 

1 

1 

s„  = 

2r„ 

2 

2 

s„  = 

r + 

3 

2 

S„  = 

2rr 

4 

5 

Sr  = 

r + 

5 

5 

S = 

r 

6 

8 

S„  = 

2r_ 

7 

9 

S = 

r,  „ 

8 

12 

S = 

r - 

9 

3 

S = 

r - 

10 

7 

s = 

r 

11 

11 

s = 

r _ 

12 

13 

■ — r 
'6  7 


'll  10 


'4 

'6 


Note:  Symmetry  coordinates  are  taken  from  reference  56. 

S]q  here  is  the  negative  of  S^q  in  reference  (56) 
also,  the  K factor  in  S5  in  reference  (56)  was 
accounted  for  by  adjusting  the  symmetry  force 
constants  involving  S5 


BASED  ON  MALLINSON ' S FORCE  FIELD 


227 


CM 

K 

d 

O' 

OJ 

<0 

rn 

OJ 

in 

rn 

o 

o 

>0 

o 

OJ 

N- 

CO 

OJ 

OJ 

o 

o 

-4 

OJ 

ro 

44 

o 

n 

a> 

o 

OJ 

o 

"4 

N 

>0 

o 

O 

ro 

O' 

o 

Oj 

o 

ro 

CD 

■■4 

N 

44 

rn 

s 

O' 

VO 

o 

in 

*4 

o 

in 

o 

44 

n 

N 

r- 

O' 

-4 

rn 

o 

an 

OJ 

in 

o 

tn 

cn 

rn 

d 

ro 

'0 

ro 

•H 

d 

' 0 

o 

in 

O' 

CO 

o 

in 

OJ 

o 

d 

in 

o 

•4 

<t 

s 

OJ 

m 

CO 

44 

»0 

o 

OJ 

'D 

o 

s 

o 

n 

n 

OJ 

o 

m 

in 

CO 

OJ 

o 

in 

<* 

K 

o 

o 

o 

o 

OJ 

o 

no 

in 

OJ 

VO 

N 

OJ 

rn 

'D 

CO 

d 

o 

O' 

PO 

OJ 

o 

ro 

m 

0.! 

o 

o 

n 

ro 

d 

o 

v0 

o 

44 

ro 

d 

in 

*■4 

OJ 

*4 

d 

o 

s 

OJ 

CD 

vO 

CO 

ro 

— 

ro 

vO 

44 

ro 

o 

JO 

in 

J3 

o 

d 

in 

o 

o 

1/1 

o 

o 

o 

o 

d 

o 

O 

ro 

o 

d 

o 

o 

Ol 

o 

m 

o 

o 

-4 

- 

ro 

VO 

OJ 

O 

Ol 

■■  J 

o 

o 

—4 

o 

rn 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

II  III  I I II  I II  I II  I I I I I 


OJ 

d 

00 

d 

oo 

OJ 

d 

oo 

d 

00 

OJ 

d 

CO 

d 

ao 

OJ 

d 

ro 

d 

CO 

ro 

44 

ro 

S 

*4 

ro 

s 

-4 

o 

OJ 

ro 

o 

OJ 

ro 

o 

"H 

•4 

44 

44 

—4 

** 

•4 

-* 

*4 

OJ 

OJ 

m 

rn 

d 

in 

m 

>n 

ro 

S 

CD 

00 

o 

o 

o 

44 

Ol 

OJ 

rn 

ro 

d 

d 

<* 

ro 

ro 

in 

ro 

ro 

N 

r- 

s 

ro 

ro 

cn 

44 

*■* 

44 

*-4 

“• 

44 

44 

•H 

-4 

•4 

— 

-* 

r*. 

CD 

ro 

o 

<0 

'0 

N 

d 

O' 

n 

ro 

in 

in 

d 

© 

— 

rH 

ro 

ro 

m J 

rn 

O 

o 

oj 

o 

— 

N 

ro 

OJ 

s 

co 

^■4 

d 

o 

ro 

Ol 

N 

CD 

o 

d 

N 

m 

o 

U) 

d 

r4 

o 

oo 

m 

o 

in 

■■4 

*•4 

in 

rn 

O 

cn 

ro 

in 

o 

ro 

ro 

in 

cc 

rn 

in 

in 

O 

OJ 

Ol 

O' 

in 

s 

<t 

OJ 

O' 

ro 

ft) 

OJ 

OJ 

in 

'O 

© 

ro 

K 

d 

ro 

ro 

d 

‘0 

OJ 

ro 

o 

N- 

o 

ro 

o 

^4 

OJ 

s 

OJ 

-4 

00 

n 

O 

C0 

n 

ao 

ro 

o 

N 

CD 

CP 

<t 

o 

o 

OJ 

o 

ro 

CP 

o 

o 

rn 

0J 

o 

ro 

ro 

OJ 

CC 

o 

ro 

o 

O' 

ro 

ro 

N 

*-4 

r4 

o 

o 

o 

>n 

*■•4 

o 

o 

d 

o 

*■*4 

o 

o 

ro 

o 

ro 

rn 

ro 

44 

ro 

o 

ro 

ro 

0 

o 

ro 

ro 

o 

rn 

cn 

o 

(\J 

OJ 

-1 

o 

o 

o 

44 

o 

o 

o 

o 

o 

44 

o 

o 

o 

o 

o 

44 

N 

ro 

»4 

OJ 

—4 

p- 4 

o 

o 

O 

n 

vf 

o 

in 

PJ 

o 

ro 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

I I I I I I I I I I I 


— 

ro 

s 

ro 

N 

—4 

rn 

N 

ro 

N» 

•■4 

rn 

s 

ro 

s 

— 

m 

N 

rn 

o 

■d- 

o 

0J 

ro 

o 

OJ 

ro 

o 

ro 

O' 

•4 

in 

O' 

•■4 

in 

O' 

•■4 

- 

"■4 

- 

••4 

OJ 

OJ 

ro 

ro 

in 

in 

ro 

ro 

N 

ro 

ro 

O' 

o 

o 

*4 

-4 

OJ 

OJ 

rn 

rn 

<t 

d- 

sf 

in 

in 

in 

ro 

ro 

0- 

N 

N 

ro 

cr 

ro 

- 

•■4 

^4 

^4 

-1 

- 

^4 

•■4 

4 

>4 

^4 

-* 

- 

^4 

^4 

rn 

OJ 

m 

ro 

ro 

OJ 

OJ 

ro 

<f 

N 

<J- 

N 

01 

ro 

in 

•d* 

O 

rn 

Ol 

N 

CD 

—4 

o 

in 

CM 

ro 

ro 

ro 

rn 

O 

N 

rn 

OJ  o 

<t 

rn 

— < 

s 

ro 

in 

rn 

o 

ro 

— • 

ro 

Ol 

N 

■d 

-4 

ro 

ro 

a: 

in 

-4 

-•t 

ro 

ro 

in 

in 

O 

( J' 

O 

-4 

»*4 

O' 

rn 

0- 

ro  — 

CJ 

r^. 

ro 

o 

o 

«-4 

s 

ro 

o 

rn 

rn 

N 

O' 

N 

— * 

s 

N 

o 

O 

*— 4 

<t 

OJ 

N* 

OJ 

<t 

in 

O 

O' 

in 

ro 

o 

rp 

<*  N 

OJ 

vO 

ro 

ro 

OJ 

OJ 

vO 

0f^ 

in 

o 

rn 

ro 

rn 

O 

in 

ro 

-4 

<t 

ro 

o 

in 

o 

o 

in 

ro 

0- 

•4 

o 

N 

rn 

o 

Ol 

ro 

roo 

ro 

o 

OJ 

ro 

OJ 

rj 

o 

OJ 

o 

ro 

rn 

OJ 

o 

rn 

o 

CC' 

OJ 

o 

d- 

ro 

o 

o 

rn 

00 

O 

OJ 

CM 

rn 

o 

N 

rn 

<t 

rn 

ro 

oj 

O 

o 

o 

o 

O 

O 

o 

o 

o 

O 

n 

o 

ro 

o 

OJ 

rn 

OJ 

o 

o- 

o 

<t 

<t 

o 

U) 

OJ 

O 

*4 

rn 

r) 

rj 

O 

o 

in 

o 

n 

O -4 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

O o 

o 

o 

6 6 

I I I I I I l I I I l I I I I I I I I I 


o 

OJ 

vO 

OJ 

u; 

o 

OJ 

ro 

CM 

vO 

o 

OJ 

vO 

CM 

vO 

o 

Oj 

ro 

OJ 

ro 

m 

— 

in 

a 

— 

in 

C7v 

OJ 

cu 

0J 

<d 

ao 

OJ 

'd- 

ro  cj 

*4 

•4 

—4 

-* 

44 

-1 

••4 

OJ 

CM 

rn 

rn 

in 

in 

vO 

vU 

r- 

ro 

CD 

O' 

O' 

o 

^4 

»-4 

OJ 

OJ 

ri 

n 

<t 

•d- 

U) 

in 

in 

vO 

o 

VO 

O 

r^ 

r^- 

CO 

CD  CD 

- 

4 

- 

-4 

»4 

- 

•4 

44 

44 

*4 

44 

44 

44 

44 

*»4 

44  44 

cn 

o 

<fr 

<t 

o 

ro 

OJ 

O' 

in 

N 

~- 

*4 

N 

O' 

o 

o 

CP 

O' 

vU 

vC 

00 

ro 

o 

N 

ro 

OJ 

O' 

OJ 

O' 

OJ 

ro 

— O 

cc 

ro 

OJ 

o 

»4 

o 

O' 

in 

^4 

O 

in 

N 

rn 

ro 

n 

o 

rn 

Ol 

CT' 

o 

44 

•4 

O' 

rn 

s 

vD 

4«* 

If) 

C 

44 

m 

r- 

K 

O'  - 

in 

ro 

N 

vO 

CO 

CM 

CO 

N 

m 

O' 

CM 

m 

N 

N 

ro 

o 

OJ 

in 

O' 

in 

o 

C1 

in 

CP 

o 

CO 

•d 

r- 

44 

•d 

N 

OJ 

in 

O' 

- ro 

•0 

o 

cn 

vC 

OJ 

o 

in 

*4 

^4 

4 

in 

NO 

ro 

ro 

m 

rn 

ro 

^4 

o 

N 

rn 

o 

OJ 

ro 

rn 

N 

<T 

ro 

N 

OJ 

rn 

ro 

ro  d 

v£> 

^4 

U) 

o 

O 

o 

p4 

in 

in 

o 

O 

ro 

in 

ro 

o 

N 

<t 

'd- 

o 

ro 

n 

o 

r- 

rn 

m 

ro 

CM 

vO 

rG 

ro 

ec 

vO 

44 

ro 

ro  — 

O 

o 

o 

o 

O 

c 

o 

o 

o 

a 

o 

ro 

o 

ro 

o 

o 

o 

o 

— 

r) 

o 

o 

o 

U'^ 

o 

ro 

O 

— 

44 

44 

— « 

m 

VL/ 

Ol 

-*  o 

o<’''Oooooooooooooooc>aooooooooao<jr|oooooc 

I I I I I I I I I I I III  II  I I II  III  I 


cr  — m.-.mc-'U!.-  in  a -•  in  — in  o •-  m 

-•oiiMrondininroroif^ooroa'O'o-.--. 


-,inojmnidrooi<trooiu'<-'roN-,ror'-  — 

44  —H  —4  •— * 44 

oJoironrodddininin'*jroo-r--i^roajoD 


TABLE 


228 


.on  <t  m r>  ON 
O'O'inso'iravNcroo'OoNC'oa'-ttcj'rf'O 
-i-,{MO'Wror)Nwo--ONiDN'-ior)'Occ 

0J.rt'<t_41cOC7'lfic0Or>OOO_--oC'Jl0a3 
oonooooofti-N<f'OSo<fonoij 
O O O • #0<f  • • -«  O • ON  . n «OON 

• • »oo  • • O o • • O * • o • o • • • 

O O O | IO-.I  |OolOO|OlOO-> 

<JCO<t®<J-CO<tCO^Cn<JOO<J-CO<ta3MC\JOJCM 


-<-<rjojnr)<f'<tirunooNNCO(ro'0 


f\i 


O 


Q 

hJ 

H 

H 

Cm 


W 

o 

Cm 


< 


Pi 

C/3 

o 

- 

Cm 

2 

O 

X 

C/3 

H 

2 

( X 

H 

Eh 

d 

Nil 

2 

W 

O 

K 

Eh 

Q 

W 

cn 

< 

ca 

o c c n -« in  o>  o>  <t  <*•  ro  ro  ro  co 

cu  O'  o O'  in  <t  'O  o n ffl  — in  No<fo<t  — oj 

'OcrnJoi^oininsO'-r,  m o <->  <t  w m 
ooaj-tOoN'OsNwnO'oinnioNNo 
ooK(MflC'(M®rvJrcnj-<(\]in  — '-'-rr)-'---* 
oo<J,o(joOMmooino<ttn-‘oN<}n 
• • *•  » • • « *o  • • • iOO  • • OJ  o • 

00  • o o O o o »oooo  • • o o • »o 

1 I O I I I I I O I I I I OO  I I oo  I 

nMCNnNnMOMONr'NnN  - — — 


'-.ojMrnn<f<tinino'ONsro®0'0-cv 


co  o r n-<  - o<toJO' 

-<0'‘£,o--t®('J"<trno<fioo  — -inwtfo 

W<(<l0"00't0  4o0'r.(D-Nn(0NM3'i’) 
oooflw('j<>N«No-'<ioiiHj'ni'iiPui 

-O-S-<JITS-ON-lOOO»'^nn'0 
ooHoi}Off.<to-oO'Oiconosr'N 
O iOOmOOU  «o  • • « • • o • v>  • • 

• o • ■ • • • • o • o o o o o • o «oo 

O I -OOOOo  I o j | | | | o I I I 

W'OW'OW'UNiCW'OW'OW'OW'OOOoO 


— — (M(\ir;ro<t<tinino'OC'Ncrmo'o 


oj 


n rn  ® <t  o o ovc<f 

inorn-*sNir)mO'<t-<otnfMNinvO'Oen^)tk- 
o,'0®OLn’-|N  — 'Orno'onr^'tfoo  — 
o <t  ® vo  "i  ® ® o ra  m >n  rj  O'  u-1  m m in  to 

''inn-n  *0-1  o n.  o o j*  o r*-  "0  o"»  ■+ 

OOOOcmo^oO^Ol.noCi-XtOO'^ 

• OO  • O O o • • • O • o • O .o  • • o 

-•  • ..  o • • • o o o »o  * o • o • o o • 

|00|000|  | I O I O I O I - I to 

— in  — in-iin-'in-'in-'tn-'in-MOC'  oO'o 


-«-<c'jcMr)o<t-^'inin'0'CN'n-a)®oo-.nj 


TABLE 


229 


OJ 

in 

o 

ro 

CO 

ro 

ro 

ro 

ro 

ro 

ro 

N 

•"■4 

K 

cn  t 

- oc 

n 

<* 

ro 

CM 

o 

ro 

o 

O' 

ro 

O 

o 

If) 

o ro  o ro  ro 

»4 

~4 

CM 

s 

ro 

CM 

ro 

ro 

»4 

o 

ro 

OJ 

ro 

CO 

N-  -4  0- 

ro 

'0 

CM 

ro 

w< 

<t 

N 

ro 

~4 

CM 

ro 

ro 

N 

O'  — o 

— *n 

ID 

— * 

ro 

ro 

ro 

ro 

ro 

o 

<f 

ro 

O 

s 

ro 

o o ro 

•o  ro 

O' 

O' 

ro 

ro 

ro 

N 

ro 

OJ 

o 

ro 

OJ 

ro  — ro 

-4  -4 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

- 

o 

o 

o o o 

O 

I I III  I I I I 


in 


Q 

m 

w 

H 

w 

o 

o 

2 

a 

o 

m 

Eh 

ro 

** 

2 

Pi 

O 

O 

ro 

2 

H 

X 

m 

H 

a 

Pi 

Eh 

s 

S 2 
i O 

ml 

D 

u w 

K W 
Eh  < 

m 


O' 

CM 

ro 

CM 

CO 

<t 

co 

o 

ro 

ro 

ro 

CM 

CM 

€0 

<t 

ro 

<>■ 

*4 

«-4 

•-4 

^4 

*•4 

^4 

CM 

ro 

<* 

ro 

ro 

ro 

ro 

N 

CO 

O' 

O 

o 

o 

*■4 

ro 

—4 

*4 

iH 

••4 

*"* 

00 

00 

o 

ro 

O' 

ro 

ro 

ro 

CM 

o 

ro 

ro 

w—4 

ro 

N 

ro 

n 

CM 

CM 

ro 

oc 

o 

O' 

ro 

O' 

O' 

■0 

o 

o 

O' 

ro 

O' 

ro 

OJ 

00 

O' 

ro 

OJ 

N 

ro 

Ol 

o 

ro 

ro 

<f 

CVI 

ro 

ro 

ro 

CM 

10 

CM 

N 

OJ 

CM 

ro 

ro 

■j- 

CM 

ro 

ro 

in 

•■4 

ro 

c- 

<t 

S 

ro 

_4 

O' 

ro 

*4 

in 

ro 

ro 

ro 

<t 

ro 

o 

ro 

s 

o 

ro 

o 

in 

ro 

ro 

CM 

cn 

ro 

ro 

<? 

ro 

CM 

cn 

-1 

ro 

ro 

in 

ro 

ro 

ro 

O' 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

l i 


I i I l i I li 


ro 

—4 

ro 

— 

N 

ro 

N 

ro 

ro 

CM 

CM 

ro 

O' 

•«4 

ro 

N 

ro 

<t 

— 

•"4 

—4 

^4 

r-4 

*-4 

- 

"H 

** 

— 

CM 

ro 

in 

ro 

ro> 

ro 

N 

ro 

ro 

o 

o 

o 

- 

■*4 

ro 

"4 

•■4 

r— < 

»“4 

OJ 

ro 

ro 

ro 

o 

o 

O' 

CM 

o 

0- 

N 

CM 

s 

ro 

in 

ro 

ro 

CO 

o <t 

ro 

ro 

CM 

<t 

N- 

ro 

O' 

O' 

ro 

<t 

ro 

o 

ro 

ro 

o 

ro 

o 

o ro 

*-4 

-- 

N 

in 

CM 

CM 

ro 

ro 

<t 

CM 

ro 

Ol 

CM 

CM 

ro 

CJ 

■0 

o ro 

ro 

ro 

O 

•™4 

OJ 

ro 

ro 

ro 

ro 

<* 

CM 

N 

ro 

r-4 

■t 

ro 

<t 

ro 

o ro 

<* 

ro 

ro 

ro 

•-4 

N 

ro 

ro 

U) 

O 

N 

o 

o 

ro 

CO 

in 

cn 

c m 

O' 

O' 

ro 

<t 

CO 

p4 

in 

on 

^4 

o 

N 

o 

V 

OJ 

cn 

CM 

O O' 

n 

o 

o 

o 

o 

o 

O 

o 

*■« 

o 

O 

o 

o 

o 

o 

o 

— o 

I i I 


ro 

ro 

Oi 

ro 

ro 

ro 

s U 

CM 

CM 

— 

UJ 

00 

VO 

Ol 

vO 

OJ 

ro 

ro  o 

- 

** 

— 

»-4 

•—4 

^4 

•»4 

r4 

CM 

ro 

ro 

in 

ro 

ro 

ro 

N 

N 

N 

cc 

o 

o 

_ 

- 

01  m 

•4 

— 

•4 

•4  »4 

ro 

co 

o 

ro 

nj 

ro 

N 

N 

OJ 

n 

ro 

oc 

o 

N 

r^- 

O N 

<r 

CM 

ro 

fj 

wmt 

ro 

ro 

<t 

CO 

o 

<t 

Ol 

H 

4 

O 

ro 

O' 

OJ 

N 

in 

<* 

ro 

CM 

in 

on 

^4 

in 

•*4 

n 

ro 

O O' 

N 

CM 

OJ 

ro 

— 

ro 

N 

<*• 

CM 

o« 

oc 

^4 

o. 

O' 

ro 

vO 

ro 

o ro 

— 

O' 

-4 

ro 

v0 

O 

cc 

ro 

N 

or 

o 

r, 

'0 

O' 

cr 

o 

ro 

IM 

00 

ro 

<t 

O' 

ro 

o 

<t 

N 

N 

o 

CO 

ro 

co 

ro 

o 

OOOOOOO—OOOO-'OOOOOW.-, 

I I II  I I I I lit  II 


ip  oj  <r  ro  cj  in  — — i cc  o <*  vo  ro  — m;  — vo  cvj  r- 

—4  r-4  r~4  w~i 

-*(\jrorf>-tftntnvO'0'ONO*coaoo^-<  <m  ro 


MATRIX  FOR  METHANOL 


230 


CO 

® 

© 

<* 

© 

OJ 

*4 

O' 

N 

o 

OJ 

^4 

OJ 

O' 

© 

0- 

N 

© 

O' 

-4 

O' 

o 

— < 

r> 

l/) 

f- 

OJ 

‘O 

o 

O' 

vtf 

OJ 

© 

o 

— • 

ra 

O' 

n 

K 

in 

(\J 

© 

m 

in 

o 

N 

o 

OJ 

OJ 

OJ 

in 

o 

in 

® 

® 

0- 

OJ 

<t 

in 

n 

cn 

<t 

® 

^4 

m 

o 

© 

o 

© 

o 

*■4 

•4 

o 

<* 

vt 

o 

oj 

® 

o 

© 

OJ 

S 

in 

® 

n 

o 

*4 

»4 

N 

o 

o 

o 

o 

O 

o 

VO 

•4 

n 

© 

m 

o 

<t 

o 

o 

o 

N 

o 

o 

o 

o 

O 

o 

o 

O 

o 

o 

o 

o 

O 

•4 

o 

OJ 

o 

o 

o 

o 

I I I 


I I 


l l 


-.'-o)oi©©«>'<i-©©©©r'-N®®oo-.oj 


Q 

2 

H 


w 

u 

05 

o 

t, 

w 

2 

o 

w 

2 

H 

21 

2 


i 2 

lo 


W Q 
2 W 
E-i  to 
ft, 

m 


m 

OJ 

m 

O' 

•4 

O' 

o 

OJ 

© 

— 

0J 

© 

© 

OJ 

© 

<t  © 

— « 

in 

O' 

o 

N 

in 

r> 

N 

vn 

m 

n 

•-4 

© 

© 

© 

o 

o 

0-  <t 

OJ 

to 

® 

© 

o 

© 

N 

© 

cn 

© 

o 

© 

Ol 

*-4 

nn 

<t  © 

~4 

vO 

N 

OJ 

® 

© 

o 

O 

,»4 

o 

® 

m 

o 

O 

© 

N 

© 

o-  © 

o 

o 

© 

OJ 

© 

OJ 

® 

s 

OJ 

© 

o 

nn 

N 

N* 

o 

r> 

01 

® 

o © 

o 

o 

•—4 

o 

O' 

o 

o 

*"• 

o 

o 

o 

in 

o 

N 

h4 

n 

o 

- 

o - 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o o 

lit  i i l i i 


© 

s 

© 

s 

© 

s 

ro 

n 

0- 

© 

S 

© 

0- 

r> 

s 

^4 

-4 

•H  *H 

•-4 

•4  44 

»4 

*»4 

0J 

OJ 

© 

© 

© 

© 

© 

© 

N 

N 

® 

CD 

O' 

o 

-4  0J 

r-4 

N 

® 

o 

® 

s 

<f 

o 

© 

S 

© 

00 

vO 

o 

© 

tr  oj 

© 

N 

K 

o 

© 

C 

OJ 

<> 

N 

o 

® 

© 

© 

»“4 

© 

© 

OJ 

n ro. 

GO 

N 

O 

OJ 

o 

© 

•-4 

® 

OJ 

© 

N 

0J 

o 

OJ 

Ol 

44 

- © 

© 

® 

—4 

o 

© 

® 

© 

© 

© 

© 

o 

0J 

n 

O' 

in  <t 

O 

o 

© 

® 

o 

OJ 

<T 

O 

© 

-4 

© 

© 

'0 

-4 

© 

m 

0J 

(M  rn 

o 

o 

o 

o 

o 

o 

o 

o 

•4 

© 

o 

IT 

o 

IM 

o 

© 

C\J  <t 

o 

o 

o 

o 

o 

o 

o 

o 

o 

n 

o 

r> 

o 

o 

o 

o 

o 

o 

o o 

l i 


CM 

© 

OJ 

VC> 

OJ 

© 

0J 

© 

CM 

© 

0J 

© 

CM 

OJ 

© 

o 

o 

o o 

44 

•"4 

•4  *—4 

_ 

•4 

0J 

OJ 

© 

© 

<r 

© 

© 

© 

© 

r- 

r- 

nn 

OJ 

O' 

o 

•H  0J 

P-4  4 

OJ 

o 

© 

O' 

r) 

0J 

© 

© 

© 

o 

cr 

K- 

rn 

N 

o oj 

-4 

O' 

m 

© 

n 

O' 

o 

o 

© 

OJ 

-4 

rr. 

0- 

OJ 

N 

rn 

© s 

co 

4- 

•4t 

O' 

N 

n 

O' 

© 

© 

N 

CT‘ 

O' 

r- 

© 

© 

<J  © 

OJ 

OJ 

n 

o 

© 

in 

Ol 

N 

(jv 

CM 

-4 

OJ 

o 

•— i 

or 

OJ 

© © 

N 

o 

o 

o 

o 

_4 

-4 

O' 

o 

0* 

© 

in 

— 

© 

tn 

0- 

© 

OJ 

o o 

O' 

o 

o 

o 

o 

o 

o 

CM 

o 

IT' 

O 

o 

o 

o 

» * 

O' 

o 

-4  O 

ooooooooooooooonoooo 

II  I I I I I I I 


— in  -*  in  — © — in  — © -<  if  ->  to  -<  in  o-  ™ c o 

— oj  oj  © © <?  © ©©©o-Nai©o><">-,oi 


TABLE  A- 7 

THE  A MATRIX  FOR  METHANOL 
BASED  ON  BLOM,  OTTO,  AND  ALTONA ’ S FORCE  FIELD 


231 


0 

<t 

o 

CO 

O' 

o 

in 

OJ 

OJ 

O' 

N 

0 

CO 

in 

n 

O' 

O’ 

n 

O' 

cn 

A 

n 

ro 

in 

N 

OJ 

o 

N 

in 

<t 

O 

o 

ro 

a 

in 

r- 

A 

O 

ao 

O' 

A 

ao 

S 

'V 

— 

in 

<t 

n 

UJ 

n 

0 

in 

OJ 

o 

'0 

or 

cu 

O' 

— 

o 

o 

ro 

O' 

o 

in 

o 

o 

in 

•»< 

A! 

n 

n 

o 

N 

CVJ 

0 

in 

OJ 

O' 

N 

•t 

N 

0 

OJ 

ao 

o> 

<t 

A 

ro 

N 

s 

n 

O' 

o 

<r 

in 

O' 

•4 

0 

O' 

N 

N 

ffs 

m 

<\j 

o 

0 

0 

CO 

OJ 

O' 

in 

in 

A 

ro 

A 

N 

OJ 

o 

in 

0 

OJ 

O' 

o 

O 

0 

O 

*4 

A 

*4 

44 

rj 

ro 

<$ 

n 

OJ 

O' 

o 

4- 4 

O 

O 

n 

>0 

<1- 

o 

® 

o 

•4 

-4 

o 

N 

OJ 

ro 

o 

>0 

in 

m 

o 

in 

in 

N- 

n 

A 

n 

ro 

s 

OJ 

S 

a 

<t 

-■t 

OJ 

0J 

o 

o 

m 

o 

o 

o 

o 

<t 

o 

o 

OJ 

o 

l in 

o 

o 

-* 

>■  1 

o 

O 

-* 

o 

ro 

o 

o 

o 

in 

o 

ro 

o 

-4 

0 

o 

<t 

o 

o 

o , 

O 

o 

o 

o 

o 

0. 

o 

o 

o 

o 

o 

o 

o 

o 

’ 0 

0. 

•c 

O 

o 

o 

0. 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

0. 

o 

o 

o 

o 

I I I I I I I I I I I I I I I I I I I I 


OJ 

It 

00 

<t 

CD 

OJ 

CO 

00 

OJ 

<t 

CO 

co 

in 

o 

OJ 

>0 

o 

OJ 

0 

O 

ro 

N. 

OJ 

■It 

c 

OJ 

CC 

0J 

OJ 

ao 

4 

a 

-* 

44 

— 

-< 

— 

m-4 

w 4 

OJ 

OJ 

ro 

ro 

<t 

in 

in 

<0 

' c 

N 

cr 

CO 

O' 

o 

o 

o 

.4 

— 

0J 

OJ 

0J 

ro 

n 

ro 

<t 

<t 

in 

0 

c 

s 

N 

CD  0 

— * 

•"* 

•■i 

4" 4 

— 

-* 

•H 

— 

•— < 

•—4 

-< 

•"4 

•— • 

— -14 

—4 

o 

r" 

0J 

oo 

<t 

«h4 

m 

ro 

i0 

OJ 

10 

O' 

o 

O' 

vO 

N 

o 

in 

4 

ro 

ao 

O' 

0J 

o 

o 

o 

ro 

O'  o 

•4 

A 

<»■ 

a 

— 

A 

<t 

o 

rn 

<0 

A 

•"4 

OJ 

A 

OJ 

ao 

o 

m 

in 

o 

O 

N 

o 

CT' 

c* 

o 

T> 

0 

in 

<t 

-4 

O 0 

CVJ 

— 

N 

<t 

44 

t 

44 

00 

ro 

OJ 

in 

in 

in 

in 

•4 

0 

O' 

OJ 

44 

ro 

0 

CC 

o 

n 

-t 

ro 

<t 

n 

<t 

<t 

o 

CO 

0 co 

44 

on 

O' 

ro 

ro 

o 

0- 

in 

ro 

O' 

OJ 

>0 

m 

OJ 

<t 

44 

co 

' 0 

0 

0 

OJ 

o 

o 

<t 

o 

o 

O' 

OJ 

O' 

ro 

o 

0 

o o 

*4 

—« 

o 

o 

o 

>0 

•-4 

o 

o 

<t 

CO 

ro 

in 

o 

in 

O' 

o 

N 

O' 

o 

O 

— « 

n 

o 

N 

O' 

«D 

0 

ro 

o 

o 

*~4 

0 

o ro 

o 

o 

o 

O 

o 

o 

o 

o 

o 

K- 

in 

44 

OJ 

o 

ro 

OJ 

o 

rj 

n 

n 

o 

-> 

ro 

'0 

OJ 

r"4 

o 

"* 

o 

o 

o o 

o 

o 

o 

o 

o o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o o 

I I I I I I I I I I I I I III 


ro 

s 

0 

s 

— 

0 

s 

0 

N- 

0 

s 

0 

S- 

It 

o 

»4 

0 

O' 

0 

O' 

Ol 

0 

9—4 

0 

K 

ro 

N 

— « 

-* 

ro 

s 

n 

K 

— 1 

^4 

•-4 

««4 

0J 

OJ 

0 

r, 

<t 

0 

0 

0 

0 

N 

cn 

cn 

C7> 

O' 

r> 

o 

*"4 

r4 

OJ 

OJ 

OJ 

ro 

0 

ro 

<t 

<t 

•t 

0 

0 

0 

0 

N 

cr 

© 

»"i 

^4 

— 

— 

•4 

- 

- 

•H 

-* 

—4 

~ 

- 

— 

— 

—*4 

- 

0 

o 

ro 

N 

AJ 

O' 

o 

0 

N 

0- 

<t 

—4 

s 

0J 

N 

r 

ro 

0 

N 

<t 

0J 

■0 

N 

0 

ro 

O' 

<t 

0 

o 

CD 

s 

_ 

OJ 

0 

0 

0J 

0 

© 

ro 

0 

o 

0 

0 

0J 

O' 

-4 

0 

0 

<t 

OJ 

0 

© 

cr.- 

O 

-4 

o 

o 

ro 

O' 

0 

<t 

0 

ro 

0 

0 

OJ 

O' 

o 

A» 

0 

0 

r-4 

CO 

n 

AJ 

<t 

o 

o 

0 

A’ 

ro 

*-4 

C 

0 

0 

in 

O' 

s 

N 

ro 

o 

o 

0 

0s 

0 

0J 

cn 

o 

-4 

<t 

OJ 

ro 

— 

o 

-4 

© 

N 

OJ 

ro 

s. 

m 

CO 

AJ 

ro 

r- 

0 

0 

^4 

OJ 

K 

vD 

<* 

o 

mm4 

N 

^■4 

9-4 

OJ 

ro 

o 

<J 

o 

0 

0 

Al 

O' 

n 

o 

0 

AJ 

ro 

vO 

ro 

OJ 

0 

O 

OJ 

vn 

AJ 

rj 

o 

AJ 

o 

O' 

N 

rj 

o 

r 

o 

S 

0 

<t 

ro 

s 

0J 

s 

ro 

n 

0 

IT 

0 

o 

0 

0 

vn 

r 

n 

o 

<t 

o 

o 

o 

o 

o 

O 

o 

O 

o 

o 

ro 

OJ 

o 

N 

o 

o 

o 

n 

U) 

o 

ro 

o 

^4 

-* 

O 

o 

—4 

o 

ro 

r ) 

o 

'D 

o 

OJ 

o 

o 

ro 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

O 

o 

O 

o 

o 

II  I I I I II  I I I I I | I I | I I I l I l It 


o 

AJ 

0 

AJ 

VC 

o 

c\ 

0 

OJ 

0 

o 

0J 

0 

AJ 

ro 

A 

A 

a' 

0J 

cu 

A 

in 

o 

A 

vn 

o 

A 

vC 

o 

O 

OJ 

vO 

A 

— 

r-4 

9—4 

— 

•4 

-* 

-* 

0J 

OJ 

n 

n 

<t 

IP 

0 

V0 

0 

A* 

a> 

© 

cn 

o 

o 

o 

o 

p4 

44 

OJ 

Al 

A 

ro 

rn 

<t 

© 

in 

m 

in 

N 

A 

cr 

CO 

44 

-* 

—4 

^4 

-* 

— 

— 

—4 

44 

- 

44 

44 

— -1 

— 

— 

44 

N 

in 

<t 

CT 

ro 

0 

A 

o 

^4 

<t 

0 

AJ 

<t 

© 

<t 

44 

C7* 

OJ 

o 

44 

44 

44 

cr 

0 

A 

o 

in 

-4 

* 

ro 

vn 

N 

AJ 

OJ 

CO 

© 

AJ 

© 

n 

CD 

N 

A' 

© 

IP 

s 

vD 

0 

<t 

U> 

o 

N 

o 

o 

-4 

-4 

o 

o 

© 

uD 

A 

© 

O 

n 

UJ 

o 

O 

O' 

in 

ro 

CO 

N 

cc 

*-4 

vO 

S 

0J 

(T 

<V 

<f 

N 

© 

OJ 

O 

o 

© 

o 

ro 

— * 

ro 

O 

in 

44 

'C 

o 

OJ 

44 

ro 

O 

o 

OJ 

v 

cn 

>0 

o 

O' 

o 

ro 

A- 

O 

O' 

-4 

<4 

N 

0 

0 

AJ 

s 

0J 

o 

o 

o 

o 

o 

CJ 

r*- 

U'J 

A 

44 

© 

VD 

ao 

‘0 

<t 

in 

o 

\0 

o 

0 

•-4 

H 

o 

o 

O 

— 

n 

in 

o 

N 

<t 

© 

O 

AJ 

0 

o 

N 

(P 

vD 

44 

in 

© 

o 

in 

O' 

o 

A 

O' 

o 

O' 

44 

o 

0 

<f 

GTi 

o 

O 

o 

O 

o 

o 

o 

O 

o 

o 

o 

CJ 

o 

0 

O 

44 

0 

o 

44 

— 

r) 

0 

IVJ 

44 

o 

A 

o 

rn. 

OJ 

o 

a 

ro 

o 

r. 

o 

a: 

<-) 

ooooooooooooooo<->ooooooooooooooooooocf-> 

II  I I II  II  It  III 


c^in-incr^m  — to  cr'-'© -*0oj040N.-<0n.~<<tO'-' ©cj'  — ©U'O'-.©  — © 

-.ojojr)  0^00000-©®  O' O'©*’©-*  — —•ojr'j(\in0<r<t<t00  in  0^-0-®© 


232 


© 

o 

— 

in 

<7* 

N 

<t 

ro 

in 

© 

ro 

w4 

n 

•—4 

ro 

in 

^4 

—4 

© 

N 

© 

<t 

n 

0J 

o 

CM 

o 

—4 

N 

— 

<* 

oo 

in 

CO 

© 

CM 

tn 

<f 

© 

© 

N 

vn 

in 

0C 

© 

•>■4 

<t 

10 

© 

o 

PM* 

IT 

© 

^-4 

© 

N 

rvj 

o 

wmt 

vO 

CO 

<f 

O' 

CM 

no 

— < 

CM 

P-4 

© 

o 

o 

— 

© 

a 

^■4 

o 

© 

O' 

© 

00 

tn 

O' 

CM 

ro 

no 

o 

CM 

© 

o 

o 

o 

o 

o 

o 

n 

o 

tn 

o 

o 

tn 

ro 

<t 

o 

OJ 

o 

o 

o 

CM 

o 

o 

o 

o 

o 

o 

H 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

III  III  I III 


a 

H 

H 

Em 

W 

U 

a 

o 

Cm 


<* 

© 

<t 

© 

ro 

<* 

© 

© 

© 

<t 

© 

© 

CM 

CM 

CM  CM 

p-4 

—4 

—4 

CVJ 

CM 

© 

n 

© 

© 

© 

© 

0- 

© 

© 

O' 

o 

- CM 

•— < 

© 

© 

_ 

N 

CM 

N 

© 

N 

o 

© 

© 

ro 

no 

<t 

© 

© © 

O' 

© 

s 

0- 

in 

© 

O 

CM 

© 

ro 

(T 

ro 

CM 

© 

0) 

© 

O' 

CM  © 

© 

CM 

n 

© 

© 

© 

ro 

n- 

in 

© 

o 

© 

© 

s 

— 

© 

CM 

o 

© N 

© 

o 

CM 

© 

O' 

ro 

© 

© 

CM 

© 

<}■ 

ro 

© 

<)■ 

© 

<t© 

o 

o 

© 

o 

o 

o 

o 

CM 

© 

© 

o 

© 

o 

Mt 

ro 

o 

© 

<t  O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

n 

o 

© 

n 

CM 

o 

0J 

O'  © 

o 

o 

o 

o 

•-4 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o o 

I I I 


I I I 


E-i 

< 

W 

2 

©s  © 

S 

O 

H 

CO 

& 

i-l 

— — 1 CM 

1 

O 

< 

< 

Em 

O 

a 

X 

CM  - O 

CQ 

£ 

O© 

< 

Em 

O <*  © 

H 

c 

O 

o © © 

s 

fn 

CM  - <t 

Mil 

H 

o 

O O t_) 

w 

O o — 

© 

2 

1 1 

H 

C) 

i-l 

© 

2 

O 

Q 

H 

CO 

< 

CQ 


— -'<\jcM©©<*<i-©©©©NrM©®oo-.cj 


I I l l 


I i I 


CM 

© 

CM 

CM 

© 

CM 

VU 

CM 

© 

CM 

© 

CM 

© 

CM 

© 

o 

o 

CD  O 

—4  «H 

** 

»-4 

CM 

0J 

ro 

© 

<? 

10 

in 

© 

© 

N 

O' 

CO 

CO 

o 

o 

-H  CM 

- 

v-4 

m 

© 

© 

o 

CM 

o 

© 

n 

in 

o 

vO 

© 

CM 

n 

O' 

© 

© 

in  <r 

CM 

N 

O 

© 

P—4 

cc 

© 

in 

in 

© 

ro 

© 

N 

0- 

-4 

ro 

CM 

© vt 

in 

© 

-« 

o 

pH 

© 

© 

— 

o 

© 

U) 

cr. 

s 

P-4 

N 

© 

ro 

s © 

o 

o 

© 

ro 

© 

© 

o 

<* 

o 

pH 

© 

© 

O' 

o 

no  <t 

CM 

O 

CM 

o 

O 

0J 

o 

c 

CM 

r-4 

— 

N 

0J 

© 

ro 

CM 

o 

o 

O 

o 

o 

O 

o 

in 

o 

n 

o 

o 

o 

— * 

o 

o 

O 

-h  o 

-<o'r~>ooooOo~oooor>o-‘c-)oo 

I I I I l I I I I I I I I II 


— © -<  m — © — ip  — © -<  © — © -<  © o o 0 o 

"-•CMCM©ri<}-<}'tr)in©®0-0~©®OO-iCM 


233 


<t  <f  — ro  ro  O' 

(MffiNNNOn 
n oj  cm  ro  ro  ro  <>• 
ro  o old  in ro  ro 
<t  ro  ro  <t  — ro  co 
O'  O'  ro  <t  ® O'  ® 


0 o o o o o o 

1 I 


OJ 

ro 

® 

ro 

ro 

ro 

CM 

m 

N 

ro 

ro 

<* 

in 

CO 

in 

CO 

m < 

o 

a» 

00 

ro 

o 

in 

® 

in 

ro 

CM 

CO 

OJ 

in 

N- 

_< 

n 

n 

— « 

in 

ro 

ro 

in 

N 

>0 

cn 

tn 

ro 

— 

ro 

N 

N 

O' 

ro 

in 

If) 

CM 

OJ 

ro 

*«* 

<t 

IP 

N 

P) 

ro 

OJ 

— 

o 

O 

o 

o 

o 

o 

O 

o 

O 

o 

o 

- 

III  II  I I 


2 

O 

CQ 

2 

O 

Q 

W 

w 

< 

m 


OJ  ro 

in 

ro 

N 

N 

com 

a 

O'  o 

o 

— — 

CM  CM  ro 

Q 

2 

- 

-* 

- - 

— ^ *"* 

in  — 

ro 

N 

- 

OJ 

ro 

<t  ro 

ro  ro 

N 

■ro  ro 

cm  ro  ro 

w 

o a* 

ro 

ro 

N 

o 

ro 

ro 

o in 

o 

in  o> 

»— < 

ro  ro 

NOT* 

M 

ro  o 

ro 

OJ 

CO 

ro 

<t 

<t  - 

<t 

- O' 

OJ 

N — 

O O — 

Cm 

ro  ro 

in 

O' 

in 

O' 

o 

n 

N O 

N 

o ro 

in 

Is-  ro 

ro  o ro 

W 

— N 

ro 

<t 

O' 

ro 

m 

O'  <# 

O' 

<t  CM 

N 

m in 

ro  ro  cm 

o 

Cn 

ro  im 

ro 

ro 

<t 

ro 

ro 

co 

<t  ro 

•It 

CO  10 

-it 

ro  cm 

03  — 0- 

o o 

o 

o 

o 

o 

o 

o 

O o 

O 

o o 

O 

o o 

o 6 6 

o 

1 

1 

i 

1 

1 

1 

1 

1 1 

1 1 

1 1 1 

2 

CQ 

3§ 

< 

Eh 

W 

2 

in  cm 

— * 

ro 

ro 

ro 

o 

ro  — 

m 

<t  o 

«t 

ro  n 

CM  O'  — O 

0> 

o 

Eh 

-* 

H 

— < — « 

m 

< 

2 

3 

<t 

It 

in 

ro 

ro 

N 

cn  ro 

O' 

O'  c 

o 

— — 

oj  cm  ro 

< 

o 

«“■* 

— < 

_|  _ ( —4 

a 

Cn 

2 

M 

D 

o <t 

ro 

N 

O' 

CM 

ro  <t 

ro 

<t  ro 

ro 

cm  ro 

r j in  oj  ro 

CQ 

O IM 

O' 

N 

N 

N 

o 

o 

IP  <* 

IP 

<r  o 

O' 

N O 

co  ro  o m 

< 

(X 

o ro 

CM 

ro 

OJ 

ro 

ro 

ro 

— o 

— < 

o ro 

O' 

O O 

ro  <t  N CM 

Eh 

Eh 

O 

o ® 

o 

in 

O' 

in 

O' 

o'  ro 

O' 

vo  n 

ro 

ro  o 

o ro  ro 

<s 

Eh 

o <t 

ro 

ro 

<t 

CO 

O' 

<t  a 

O'  <t 

CM 

n n 

<t  <t  co  O' 

ml 

Eh 

O 

O O' 

O' 

ro 

n 

<t 

O' 

VO 

CO  OJ 

ro 

CM 

in 

ro  - 

o <t  N o 

* 

— 6 6 

o 

o 

o 

o 

o 

o o 

o 

O — 

o 

o o 

— < O r~3  -« 

1 i 


i i l 


IP 

(£ 

O' 

o 

CM 

in 

N 

ro 

OJ 

o 

CM 

n 

P) 

ro 

CM 

O' 

— 

a 

O'  VU 

- 

— 

•— * •— < 

CM 

ro 

IP 

in 

vC 

ro 

03 

00 

O' 

O' 

o 

o 

_ 

M 

OJ 

(\J 

oj  n 

— 

*4  — * 

o 

IP 

N 

rp 

_ 

CM 

ro 

— c 

vO 

_ 

ro 

(M 

(V 

IP 

0J 

in 

N ^ 

o 

o 

O' 

N 

N 

ro 

CO 

ro 

o 

o 

— 

rp 

O 

ro 

CO 

CT* 

— 

cc  o 

o 

ro 

O' 

ao 

ro 

0J 

<t 

O' 

l0 

in 

^0 

in 

<t 

CO 

ro 

<t 

N 

OJ 

IP  O 

o 

0- 

CO 

IP 

ip 

O' 

O' 

in 

O' 

U) 

O' 

m 

o 

ro 

o 

N 

N 

ro 

L0  T 

o 

ro 

<T 

ro 

CM 

in 

o 

ro 

o 

ro 

ip 

N 

<t 

rf) 

0 

X IP 

o 

n 

0J 

<T 

CO 

ro 

o 

O' 

O' 

ro 

ro 

O' 

IP 

o 

N 

ro 

ro  (J' 

— o o o o o — ooooooo  — ooooo 

I I l I l III  ill 


cm  ro  roro  — <tron  — in  — rocvoj  — ccinro~.ro 

w—*  •— < 

-•  pi  d <t  IP  tn  vp  N 


01- 


234 


o in  ro  in 

o 

CV 

VO 

n 

ro 

N 

in 

O' 

O' 

o 

in 

<#• 

<t 

in  n in  in 

in 

OJ  O CM 

o 

vo 

—4 

<* 

ro 

n 

a.) 

10 

ro 

m 

O' 

0J  id  O CD 

N 

O' 

ro  n — 

4< 

cm 

o 

N 

cn 

ro 

H 

N 

n 

O O CM  O' 

ro  '0  — 

N 

N 

m 

N 

tV 

cc 

in 

—4 

ro 

o 

vO 

O OJ  tV  O 

o 

-4 

n tv  n 

o 

44 

o 

VO 

O' 

ro 

o 

o 

CO 

o o o o 

o 

o 

ino  tv 

tv 

OJ 

4 

•M 

O' 

O' 

o 

o 

o 

r- 

O o o o 

o 

o 

0, 

0. 

■0  , 

o 

O 

o 

o 

44 

o 

- 

o 

o 

o 

o 

I I 


II  III  lilt 


w 

M 

&H 

w 

o 

tn 


4- 

oo 

4 

CO 

4 

00 

4 

oo 

00 

co 

4 

co 

to 

<\J 

C\J 

tv 

tv 

— 

•M 

44 

-* 

p4 

•*4 

CM 

tv 

ro 

ro 

4 

4 

in 

in 

vo 

V> 

s 

s 

co 

an 

o 

o 

rj 

44 

ro 

VO 

OJ 

4* 

o 

N 

CO 

4 

co 

4 

o 

o 

N 

CO 

o 

44 

in 

ro 

ro 

'0 

VO 

00 

s 

N 

O' 

!0 

— 

O' 

n 

N 

VO 

*r> 

— i 

NO 

44 

O' 

no 

N 

a 

tv 

N 

00 

vo 

to 

o 

ro 

E- 

o 

CO 

in 

4 

s 

4 

o 

o 

4 

CM 

o 

4 

44 

-4 

50 

4 

4 

n 

tv 

o 

vo 

in 

4 

O' 

in 

N- 

4 

vO 

o 

o 

ro 

o 

O' 

o 

o 

o 

ro 

O' 

CM 

N 

r- 

in 

s 

tv 

o 

N 

O' 

n 

o 

o 

o 

o 

o 

o 

o 

tv 

o 

O 

O 

in 

o 

VO 

o 

in 

o 

44 

o 

*4 

o o 

o 

o 

o 

o 

o 

o 

o o 

o o 

o 

o 

o 

o 

o 

o 

o 

o 

I I I 


I I I I 


a 


H < 
W 2 
S O 

EH 
K J 

o 3 

Pq 
X 


03  & 
«0  EH 


H kC 


o 

Eh 

O 


w 

K 

Eh 


O 

m 

2 

O 

Q 

W 

cn 

< 

oa 


ro  n 

ro 

N 

m 

N 

n 

N 

ro 

N 

ro 

N- 

rn 

N 

n 

N- 

-4 

4 

H 

w 

*4 

44 

•— < 44 

M 

OJ 

ro 

n 

4 

4 

in 

m 

V) 

VO 

N 

S 

CTO 

CO 

O' 

o 

CM 

44 

- 

o vo 

ro 

tv 

<f 

O' 

co 

4 

tv 

44 

cc 

ro 

OJ 

<t 

o 

ro 

Ht 

ro 

VO 

s vo 

N 

in 

in 

— 

O' 

ro 

tv 

(V 

tv 

00 

OJ 

in 

VO 

CD 

O' 

4 

V3 

n in 

o 

0 J 

o 

fO 

N 

O' 

VO 

tv 

<0 

rvi 

N 

ro 

o 

O' 

50 

vo  to 

ro 

N 

o 

OJ 

in 

s 

O' 

4 

vfl 

ro 

VO 

•H 

VO 

N 

ro 

in 

V) 

44 

in 

o 

n 

o 

•4 

co 

o 

n 

tv 

N 

V, 

VO 

ro 

O 

CM 

44 

■4 

o o 

O' 

o 

o 

o 

o 

o 

o 

o 

vU 

o 

4- 

o 

<r 

o 

tv 

o o 

o 

o 

o 

o 

o 

o 

o 

o 

r> 

o 

o 

o 

o 

o 

o 

o 

O 

O 

I I I 


tv 

VO 

<M 

VO 

CM 

VO 

CM 

VO 

CM 

VO 

CM 

V) 

CM 

vU 

CV 

V) 

o 

o 

O 

o 

— 

44 

•4 

44 

44 

tv 

tv 

ro 

ro 

in 

in 

VO 

v£ 

r- 

r* 

cu 

cr 

O' 

o 

(V 

— 

44 

44 

0 

<0 

cn 

(C 

CD 

o 

U) 

O' 

O' 

o 

s 

CM 

'0 

ao 

VO 

■■  1 

—4 

O' 

o 

tv 

VO 

o 

O' 

CO 

V) 

CD 

o 

10 

O' 

O' 

m 

V) 

r 

in 

ro 

N 

tv 

n 

o 

N 

<}■ 

r 

ro 

in 

in 

CD 

CVJ 

ro 

«4 

cn 

O' 

O' 

44 

VO 

ro 

44 

ao 

m 

n 

cu 

O 

CV 

O' 

V) 

ro 

<r 

o 

m 

ro 

VO 

O' 

r- 

N 

o 

4 

n 

o 

44 

44 

in 

o 

VO 

•+ 

CM 

CM 

<r 

V, 

ar 

tv 

ro 

o 

cn 

o 

o 

o 

o 

o 

tv 

Q 

VO 

o 

O 

O 

44 

o 

- 

O' 

o 

o 

OOOOOOOOOOOOOCJOOO<~SOO 

I I I I I I I I I I I I I 


-Hin-HiD  — lo  — in-<in  — in  — tn  — in(7'C7'U'C' 
-H_c\i(\irr>n<j<finin'u>ofvr'frcru'r'~ 1 


235 


Geometry 

for  ethanol. 

The  atoms 

are  numbered 

as  used  in  the  normal 
From  reference  (73)  : 

coordinate 

analysis . 

a(3,8,4) 

= 108°38' 

r (8 , 3)  = 

1.0936  A 

a (2 , 7 , 1) 

= 109° 5' 

r ( 7 , 8 ) = 

1.5297  K 

a (8 , 7 , 1) 

= 110° 18 ' 

r ( 7, 9)  = 

1.4247  A 

a (8 , 7 , 9) 

= 107°  20 ' 

r ( 6 , 9)  = 

0.9451  A 

a(7,9,6) 

= 108° 32' 

r (1 , 7)  = 

1.0936  A 
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TABLE  A- 11 

INTERNAL  DISPLACEMENT  COORDINATES  FOR  ETHANOL 

r = R ( 7 , 1 ) 

r2  = R ( 7 , 2 ) 

r3  = R (7 , 9) 

r4  = R ( 7 , 8) 

r5  = R (9 , 6 ) 

r = R (8 , 3 ) 

6 

r?  = R (8 , 4) 
r = R (8, 5) 

O 

rg  = a(8,7,9) 
r!0=  01(7,9,6) 
r1]L=  a (1,  7, 2) 
r = a^3'8'4^ 
r!3=  a(3,8, 5) 
r14=  a (4 , 8 , 5) 
r15=  a (9 , 7 , 1) 

= a(9,7,2) 

lo 

r1?=  a (8, 7, 1) 
r!8=  CC  (8, 7, 2) 
rig=  a(7,8, 3) 
r2Q=  01(7,8,4) 
r21=  a(7,8,5) 
r22=  T (5 , 8 , 7 , 9) 
r23=  T(8,7,9,6) 


Note:  See  footnotes  for  TABLE  A-l 
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TABLE  A- 12 

UNNORMALIZED  SYMMETRY  COORDINATES  FOR  ETHANOL 
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5 
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s 
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6 
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r8+  r6+  r7 

V r2 
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11 


= 2ri2' 
= r + 

ri3 
r + 
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= r + 
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1 2 

S = 

r - r 

16 

13  14 
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17  15 
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18 
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TABLE  A- 14 

CALCULATED  FREQUENCIES 

USING  TRANSFERRED  FORCE  CONSTANTS  FOR  ETHANOL 

Frequency  (cm 
a 

Symmetry  Observed  Calculated 


3660.0 

3682.08 

2971 

2983.96 

2901 

2952.51 

2890 

2903.68 

1482 

1485.13 

1450 

1447.18 

1416 

1422.79 

1394 

1350.99 

1241 

1233.09 

1070 

1072.41 

1027 

988.31 

883 

900.70 

422 

417.58 

2987 

2979.55 

2946 

2957.08 

1451 

1507.49 

1241 

1266.28 

1098 

1154.50 

808 

818.82 

243 

241.30 

201 

201.04 

Experimental  frequencies  taken  from  reference  (79) 


TABLE  A- 15 

THE  A MATRIX  FOR  ETHANOL 
BASED  ON  TRANSFERRED  FORCE  CONSTANTS 


240 


in  — ocMootMo®®rnN®rnNif)  — 0(MoocMO®'®rnN®nh-N®ino<M  — 'On>ncM 
moo  — irnimcm  — <m<*®  — <tinnoo  — tnr^-cMCM  — cM<f®  — <tint-<f't)QN  — — 
w<finN>ooios.ocono'iono'ftj<tinN'00'ON(ooproo'Or)o>wM«ic3(MSoton  — 
Mo^nninno-oor-»N(\ioiPoninoo-oon-iCs'I>-<f-iaNosnM 

ootfNiOSoo^ooijif-  rvJO'on'(\j^soo<foo^<t  — rj  — ninoir)'/ioO''J'- 
no  — — — moo  — oooovoorno  — — — inoo-oooooooow^inwoftjno 

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

I I I I I I I I II  I I I I I I I I I I 


•d-cotMOOsj-o^cD  — iniynN  — -^®njioo<to<tco  — incyns  — <tootM,£io'0  — 'Con 

— — (M  — — — — — CM  — — (\J  — — _ — < — - fVJ  — — < f\J  ^ C\J 

— — — — — cm  r'JcMrMmmmmmm<f^<t<*<tinininin'0'0'C'i)<®'ONi'-.NNNm®romo' 

— ooronfvifMin-^n''ON-.M-(n_,o(7'®nojojin<j'0'\ON-..^in<to®c7'coinin<\JO'® 
NNro<rsno4nf'j-|ifio'tosN(oi)Soo<tn(vi-<ino40<}1oNoipino'Ot\in' 
ininir)®nooo<fnnn<j-f\irnnintn'Onooo<tnn®<trjn-imNONM-on<to 

NiO<l  - ®OoO<tM-0®<tO®N'Cvn  — ®000<t<t0®vt'0®000  — ® — O ® I®  CM 

0 — — ®s-oooonoNoono  — — ®Noooono^oorn(M®s-ct®So  — ®n 

'">oa<t'OOoooooin^ooooo-'f,'Oaoooootn<toom— oo  — ct  o o — o 

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

1 I I I I I I I I I I I I I I III  II 


ro 

s 

— 

in 

O' 

n 

N 

ro 

N 

® 

CM 

n 

o 

n 

N 

-4 

in 

o 

n 

n 

N 

4- 

<c 

® 

CM 

O 

K 

44 

in 

O 

ro 

o 

O' 

CJ 

44 

— 

44 

CM 

- 

•H 

CM 

44 

4* 

44 

- 

CM 

- 

- 

CM 

■4 

- 

- 

- 

— 

- 

44 

44 

- 

^■4 

- 

CM 

CM 

(\1 

CVI 

CM 

n 

ro 

n 

n 

n 

<* 

<f 

<* 

<t 

in 

in 

in 

in 

<0 

O 

N 

N 

N 

® 

CD 

CD 

® 

o 

IT 

<t 

CM 

in 

o 

n 

Csj 

o 

<t 

CD 

o 

N 

in 

in 

<t 

CM 

m 

o 

n 

CM 

o 

® 

O 

N 

® 

<± 

in 

—4 

O 

, 

*4 

® 

o 

CM 

O 

ro 

— 

— » 

<M 

o 

O 

CM 

in 

O 

m 

•O 

CO 

— 

o 

o 

cc 

•4 

44 

CM 

O 

o 

CM 

in 

o 

in 

® 

n 

CM 

CO 

vC 

n 

n 

s 

o 

O' 

«v4 

s 

— 

<»■ 

<t 

o 

o 

o 

ro 

n 

■D 

CM 

N 

-4 

CM 

s 

44 

O 

o 

o 

n 

n 

CM 

N 

»4 

CM 

rn 

CM 

® 

® 

m 

o 

® 

o 

ro 

o 

lO 

\0 

O' 

CD 

o 

o 

o 

in 

<t 

<* 

CM 

® 

o 

>0 

® 

O' 

ro 

o 

o 

o 

in 

<t 

CM 

® 

s 

® 

in 

N 

o 

ro 

o 

® 

CM 

44 

CJ 

4< 

44 

> 4 

—4 

o 

o 

o 

CM 

—4 

ro 

<r 

o 

o 

CM 

44 

pH 

t-4 

44 

o 

o 

o 

CM 

*4 

n 

<t 

O 

o 

® 

44 

<T 

CM 

CM 

ro 

o 

O' 

m 

o 

o 

CM 

o 

—4 

o 

o 

o 

CM 

o 

o 

o 

o 

o 

O 

o 

CM 

o 

-• 

o 

o 

o 

CM 

o 

o 

o 

o 

o 

-1 

n 

O 

<t 

U) 

ro 

o 

<* 

CM 

o 

o 

o 

0 

1 

o 

0 

1 

o 

o 

o 

0 

1 

0 

1 

o 

0 

1 

o 

0 

1 

o 

n 

o 

0 

1 

0 

1 

o 

0 

1 

0 

1 

0 

1 

0 

1 

o 

! 

o 

0 

1 

o 

o 

0 

1 

0 

1 

0 

1 

O 

! 

O 

o 

0 

1 

o 

o 

0 

1 

0 

1 

CM 

o 

o 

ao 

CJ 

CM 

vC 

O 

n 

N 

•4 

in 

o 

CM 

H) 

o 

® 

CM 

•c 

CM 

o 

n 

r- 

*4 

O' 

CM 

VC 

o 

® 

CM 

UJ 

<t 

c? 

— 

—4 

CM 

44 

-1 

•4 

—4 

- 

- 

^4 

CM 

44 

—4 

— 

— 

- 

-• 

- 

44 

44 

•■4 

— < 

44 

44 

CM 

CM 

rvj 

CM 

CM 

m 

r 

n 

ro 

r> 

<# 

m 

in 

in 

in 

o 

<C 

s 

r- 

N 

r- 

r- 

cn 

no 

CO 

® 

O' 

44 

N 

S- 

rs 

in 

no 

in 

r— 4 

cm 

cc 

n 

—4 

t ^ 

N 

o 

in 

CC' 

in 

^4 

CM 

c r 

r, 

O 

in 

rn 

® 

r-“] 

ro 

N 

ro 

o 

'0 

CM 

CO 

o 

o 

vO 

o 

o 

N 

-s- 

n 

<f 

o 

o 

CM 

a 

o 

• ri 

'v 

<}■ 

Vj 

o 

o 

S 

n 

o 

-4 

<r 

cr 

44 

<t 

O' 

<f 

4l 

o 

n 

(0 

N 

O' 

4- 

CM 

o 

o 

c*v 

<* 

o 

N- 

n 

<1- 

n 

U; 

<+ 

N 

O 

—4 

CM 

o 

O 

o 

<r 

o 

N 

® 

m 

N 

vD 

O' 

44 

® 

o 

m 

m 

CM 

in 

® 

P-4 

CM 

— * 

N 

o 

(M 

CM 

N 

ro 

<0 

CM 

LO 

-4 

(\i 

—4 

o 

<s 

CM 

CM 

>0 

N 

ro 

O 

o 

10 

44 

rj 

4< 

® 

o 

ro 

44 

CM 

4— 

ro 

O 

—4 

o 

O' 

n 

•-4 

•—4 

CM 

CM 

44 

CM 

—4 

n 

o 

•4 

*4 

o 

o 

n 

44 

44 

>0 

CM 

CM 

o 

44 

44 

m 

o 

44 

CM 

o 

CM 

ro 

O 

<T 

o 

< 

o 

n 

r) 

o 

n 

o 

o 

<t 

o 

O 

o 

<? 

o 

•e 

o 

o 

n 

o 

<t 

n 

o 

o 

<t 

O 

o 

O 

o 

n 

44 

G 

o 

44 

o 

o 

n 

oooooooooooooowooonooooooooooo°noooooooo 

I I l I I I l I I | I I I l I ill  II  III 


— m O'  m r-  — m — in  o cm  >o  o <t  co  — mom®-  — in  — in  O'  cm  o o <•  ® — in  o m m — n n s — 

— — cm  — — — — — — — cm  — — — i — — — — cm  — _ i\i 

— — — — — — fMfMMojnnn  nrr)<t<i-'ct<j-<t<t  m i/un®®®®>o®C'p-nnr^Nn®®cn 


continued 


241 


pH 

>0 

ro 

O' 

<3 

m 

VO 

PH 

O' 

pH 

CO 

O' 

CM 

s 

<3 

co 

CM 

o 

o 

ro 

OC 

CM 

o 

N 

o 

ro 

M3 

M3 

vO 

N 

<3 

M3 

M3 

O' 

<3 

O' 

CD 

O' 

ro 

o 

0J 

00 

<0 

ro 

n 

N- 

o 

O' 

— • 

pH 

M3 

O' 

LT 

CM 

<t 

o 

in 

o 

o 

m 

ro 

•tf 

K 

m 

N 

vU 

O' 

CD 

N 

in 

<3- 

M3 

CO 

s 

n 

n 

CO 

— 

ro 

ro 

N 

0J 

in 

CO 

n 

o 

00 

O' 

n 

CM 

CM 

O' 

— * 

o 

10 

n 

CM 

ro 

00 

o 

cn 

N 

<* 

in 

M3 

ro 

CO 

o 

in 

ro 

o 

<t 

in 

ro 

o 

pH 

CM 

cn 

s- 

to 

in 

N 

o 

n 

o 

a? 

OJ 

•—4 

o 

n 

vO 

o 

cr 

cn 

<* 

CD 

o 

<i 

M3 

in 

o 

CM 

N 

s 

o 

<3 

ro 

o 

<fr 

N- 

o 

in 

O' 

N 

>0 

o 

o 

00 

«— • 

(M 

CM 

n 

o 

O' 

M) 

ro 

o 

p H 

CM 

—4 

oj 

—4 

in 

<* 

CM 

CO 

M3 

CM 

o 

CM 

CM 

o 

ro 

N 

o 

o 

CM 

<3 

•h 

a 

O' 

in 

ro 

<3 

o 

o 

—4 

ro 

O 

<3 

in 

ro 

o 

<t 

<M 

o 

o 

o 

N 

O 

o 

o 

o 

-H 

o 

CO 

<3 

CM 

in 

o 

o 

o 

o 

03 

o 

in 

a 

o 

-* 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

I II  I I l I I I I | I l I l I I II 


K 

-< 

in 

o 

0J 

M3 

o 

<3 

CO 

CM 

CO 

<fr 

cn 

pH 

in 

o 

ro 

0- 

••4 

<3 

C0 

CM 

M3 

o 

ro 

0- 

CM 

M3 

o 

<3 

<0 

-4 

in 

O' 

ro 

<3 

CO 

0J 

M3 

pH 

*■* 

-* 

p4 

*•4 

-* 

0J 

•4 

CM 

••4 

P—4 

—4 

<— 4 

*4 

•—4 

O' 

o 

o 

o 

o 

o 

o 

o 

o 

_ 

•4 

CM 

CM 

CM 

0J 

rv: 

CM 

ro 

ro 

ro 

<3 

in 

in 

in 

M3 

M3 

M3 

N 

N 

CO 

to 

ao 

T 

O' 

O' 

O' 

o 

•■I 

pH 

-* 

pH 

pH 

— 

h4 

-* 

^4 

■-4 

«— 4 

«»4 

— 

*“* 

^4 

—4 

-4 

-• 

—4 

•»4 

-* 

•“* 

CM 

vO 

M3 

vU 

o 

o 

in 

ro 

CO 

ro 

n 

r- 

ro 

o 

M3 

o 

_ 

<t 

CO 

MD 

o 

M3 

ro 

0J 

co 

O' 

o 

in 

O 

O' 

OJ 

^4 

o 

M3 

vn 

•—4 

3- 

CM 

CM 

n 

in 

ro 

—4 

<t 

CO 

pH 

<3 

O 

<3 

^4 

O 

ro 

CM 

CP 

— 

o 

in 

o 

N 

in 

s 

co 

*4 

o 

M3 

vO 

rn 

s 

^3 

S 

o 

ro 

N 

M3 

O' 

M3 

CM 

K 

N 

h4 

CD 

cr 

N 

M3 

o 

pH 

CO 

o 

ro 

ro 

CM 

CO 

OP’ 

o 

M3 

N 

>D 

CM 

cn 

<t 

ro 

O' 

"4 

CM 

O' 

CO 

-4 

s 

ro 

o 

o 

M) 

in 

in 

in 

n 

pH 

ro 

in 

CO 

<3 

o 

in 

CM 

pH 

CO 

o 

ro 

p4 

o 

n 

ro 

N 

o 

•■4 

^4 

CO 

ro 

cn 

M3 

<3 

CO 

M3 

CP 

in 

CM 

O' 

ro 

o 

in 

10 

N 

M3 

M3 

CM 

ro 

M) 

pH 

o 

O 

»4 

— 

ro 

o 

pH 

CM 

o 

CM 

ro 

o 

o 

in 

in 

O 

<3 

ro 

CM 

<3 

o 

M3 

o 

ro 

ro 

_4 

o 

o 

rO 

p-4 

o 

ro 

O' 

o 

r-4 

•■4 

in 

CM 

— < 

o 

<3 

o 

o 

o 

pH 

o 

o 

pH 

o 

o 

o 

o 

o 

M3 

ro 

ro 

M3 

o 

*■4 

M3 

o 

ro 

•n 

o 

N 

■0 

o 

CO 

o 

O 

CM 

o 

O 

o 

o 

O 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

O 

o 

O 

o 

o 

O 

o 

o 

o 

o 

o 

I I I I I I I II  II  I I I l I I I I III  I III  I II 


M3 

o 

<3 

CO 

-4 

m 

o 

ro 

N 

^4 

N 

ro 

s 

P— 4 

<t 

CO 

w 

M3 

o 

ro 

N 

pH 

L0 

O' 

OJ 

M3 

o 

-4 

IP! 

O' 

ro 

N 

pH 

<3 

CO 

CM 

ro 

N 

pH  [f) 

^4 

•■4 

— 

-4 

CM 

-1 

CM 

—4 

—4 

04 

-4 

•-4 

- 

— 

•—4 

- 

a: 

•-4 

O' 

O' 

O' 

o 

o 

o 

o 

o 

o 

o 

«— 4 

—4 

P-4 

CM 

CM 

04 

CM 

04 

ro 

ro 

ro 

<* 

LO 

in 

in 

M3 

M3 

M3 

M3 

3- 

N 

CO 

cc 

rr 

O' 

O' 

o c 

—4 

pH 

—4 

— 

p4 

««4 

•—4 

-1 

—4 

-4 

p— 4 

—4 

— 

«H 

pH 

- 

•4 

PH 

pH 

pH 

— 

- 

pH 

— 

— 

P4 

*— * 

H 

•H 

- CM 

N 

<t 

cr 

CM 

o 

N 

CO 

in 

O' 

CM 

—4 

M3 

ro 

M3 

CM 

—4 

M3 

ro 

C 

in 

CM 

tn 

•H 

3» 

3~ 

O 

CM 

in 

<3 

N- 

in 

M3 

M3 

O' 

M3 

<3 

CC 

0- 

m 4 

M3 

O' 

o 

CM 

<3 

r- 

M3 

CO 

0- 

»4 

p-4 

M3 

M) 

o 

CP 

O' 

ro 

o 

pH 

-4 

3- 

O' 

N 

CM 

CO 

M3 

P-4 

M> 

pH 

O 

o 

cc 

co 

O' 

cn 

co  o 

CM 

CM' 

O' 

-4 

o 

CM 

CM 

C0 

CO 

0J 

N 

o 

M3 

ro 

—4 

ro 

CD 

pH 

ro 

o 

3- 

O' 

ro 

O' 

cn 

o 

in 

C3 

<3 

O' 

O' 

pH 

•H 

<4 

o 

N 

K 

p4 

o — 

o 

n 

M3 

O' 

co 

cn 

*4 

<3 

—4 

L0 

s 

o 

0- 

ro 

CM 

o 

^4 

0J 

CP 

o 

<* 

CM 

in 

<3 

ro 

o 

O' 

pH 

N 

3- 

CO 

o 

—4 

in 

n 

O 

M3 

M3  n 

o 

—4 

CM 

•—4 

CVJ 

—4 

ro 

u> 

o 

LO 

in 

o 

O' 

O' 

—4 

N 

M3 

o 

o 

O' 

M3 

CO 

3- 

<r 

H 

o 

H 

in 

—4 

<t 

04 

pH 

ro 

P< 

OJ 

o 

OJ 

H 

H H 

o 

o 

o- 

o 

o 

o 

o 

oj 

in 

in 

Ol 

o 

l\J 

ro 

o 

n 

o 

o 

ro 

o 

o 

o 

o 

o 

o 

o 

— 

o 

O 

u 

o 

o 

o 

o 

o 

O 

o 

CM  O 

o 

o 

o 

o 

n 

o 

o 

o 

o 

O 

O 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

6 o 

o 

o 

o 

o 

O 

o 

oo 

I I I I l I l I I I II  I I l I I I I l I 


Tl 

0) 

a 

c 

•rH 

-P 

G 

0 

0 

1 

LD 

i — I 

I 

< 


in 

O' 

N 

PH 

co 

l\J 

M3 

o 

vO 

P4 

M3 

o 

n 

N 

PH 

in 

O' 

0J 

vD 

o 

<3 

CD 

^4 

in 

cr 

n 

<r 

a 

OJ 

V 

o 

ro 

O' 

P4 

0J 

vu 

o 

<r 

pH 

04 

- 

04 

- 

•H 

0J 

p4 

p-4 

pH 

- 

- 

- 

pH 

pH 

OJ 

H 

-1 

O' 

O' 

O' 

O' 

O' 

o 

o 

o 

o 

o 

p4 

vH 

•H 

OJ 

OJ 

CM 

04 

OJ 

ro 

ro 

ro 

<3 

<3 

in 

in 

in 

in 

M) 

<3 

vu 

0- 

s 

co 

cc 

cr 

O' 

O' 

O' 

n 

pH 

H 

— 

pH 

pH 

pH 

-* 

P4 

pH 

•H 

pH 

p4 

p4 

- 

-* 

pH 

pH 

pH 

H 

pH 

^4 

-1 

H 

pH 

p-4 

pH 

pH 

H 

P-4 

- 

pH 

pH 

pH 

OJ 

O 

cr 

<3 

n 

'43 

O 

CD 

10 

in 

OJ 

O' 

vO 

M3 

M) 

vO 

O' 

pH 

ro 

m 

O 

3 

M3 

N 

o 

ro 

cr 

N 

VO 

O' 

O' 

O' 

_ 

OJ 

vn 

<3 

N 

OJ 

CM 

cn 

p-4 

o 

MJ 

3- 

o 

in 

in 

o 

VO 

CM 

O' 

ro 

in 

ro 

N 

o 

-•3 

M3 

04 

o 

N 

04 

04 

N 

M) 

in 

o 

00 

CM 

an 

M3 

0J 

o 

o 

«H 

CM 

CO 

w 

O' 

■43 

— 

CC 

S 

>43 

<3 

o 

ro 

<t 

o 

04 

N 

r** 

H 

M3 

-4 

cr 

in 

«H 

r> 

0J 

O' 

o 

n 

M3 

C 

CO 

M3 

pH 

M3 

ro 

L0 

<3 

00 

o 

ro 

ro 

N 

o 

o 

o 

O' 

pH 

rn 

-4 

o 

'0 

ro 

CM 

p4 

ro 

in 

on 

N* 

o 

O' 

<t 

r* 

<3 

o 

in 

CP 

H 

oj 

0* 

ro 

cn 

co 

»<V 

cn 

OJ 

O' 

VU 

-4 

O 

o 

in 

in 

O' 

OJ 

M3 

3- 

<3 

CD 

0- 

o 

pH 

M3 

rj 

n 

M3 

H 

o 

PH 

0J 

ro 

14) 

o 

ro 

o 

o 

o 

•v 

ro 

M3 

o 

O 

M> 

— - 

— 4 

-4 

ro 

o 

o 

M3 

<t 

n 

—4 

o 

pH 

o 

o 

p4 

o 

OJ 

- 

o 

<t 

o 

o 

o 

u> 

o 

o 

in 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

I I I | I I III  I I I I I I I I I I II 


<*cooj'uomr-.-4tnoroouncrojvuoo-co-«ino'r'>N-4<too<\jr',c--'ir  o»  cv  vo  o ^4  m 

•H  P—*  (\J  w-i  p-4  *H  p_l  ~ 4 -4  «— 1 C\J  P-4  — < — 4 * «— * — ■* 


0'U'CTCPU>oor'Of')4 


’^nj(MC\j(\)c\jn)nr'r)<^<Tinioinvc>vf)v^K-NC0(Tjcuu'a'CT'CT 

I pH  pH  m-i  r—4  pH  pH  pH  —*  —4  —4  pH  pH  pH  pH  *-4  M pH  »4  pH  pH  "H  pH  «H  •“* 


continued 


242 


TJ 

Q> 

P 

a 

•H 

■P 

c 

0 
u 

1 

LO 
f — I 


CQ 

Eh 


n 

dd 

N 

C\J 

-d 

N 

o 

CM 

<t 

in 

o 

ro 

in 

N 

s 

ro 

>o 

CO 

in 

M3 

N 

O 

o 

U) 

V 0 

N 

O 

d 

in 

o 

d 

IP 

n 

ro 

OJ 

00 

o 

O' 

ao 

N 

N 

on 

o 

O' 

in 

dd 

>0 

o 

CO 

d 

o 

ro 

M3 

-0 

<*• 

o 

ro 

oo 

O' 

wo 

O 

N 

CM 

cc 

ro 

co 

d 

n 

in 

o 

CM 

o 

ro 

in 

N 

ro 

CM 

in 

M3 

CP 

O' 

ro 

O 

•“4 

OJ 

H 

<t 

d 

Ml 

o 

CM 

o 

o 

n 

OJ 

M3 

in 

O' 

o 

H 

CM 

- 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

<t 

o 

o 

o 

o 

o 

o 

o 

o 

0 . 

o 

o 

0. 

o 

O 

o 

0 , 

o 

o 

0 . 

o 

o 

o 

o 

•c 

o 

o 

o 

0. 

o 

I I It  I I I I II  II 


o 

n 

s 

CM 

m> 

O 

d 

co 

dd 

in 

o 

ro 

<* 

CC’ 

rj 

n 

o 

n 

N 

dd 

CM 

- 

- 

»d 

P— 4 

- 

- 

OJ 

—4 

o 

dd 

dd 

CM 

CM 

CM 

ro 

ro 

d 

d 

in 

in 

in 

n 

M3 

N 

N 

S 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

0J 

0J 

0J 

OJ 

CM 

CM 

0J 

OJ 

CM 

CM 

OJ 

CM 

CM 

0J 

O 

d 

S 

0~ 

d 

O' 

n 

in 

‘0 

■st' 

o 

m 

CM 

in 

n 

co 

WD 

d 

d 

dd 

M3 

fO 

d 

K 

<T 

CP 

in 

CM 

d 

CO 

ro 

in 

o 

in 

in 

OJ 

O' 

CD 

ro 

N 

CM 

CP 

o 

O' 

0-' 

CO 

o 

o 

S 

K 

o 

0- 

<t 

<1- 

CM 

K 

ro 

cn 

CO 

in 

N 

O 

dd 

•o 

d 

O' 

n 

N 

in 

rn 

o 

o 

o 

CM 

in 

n 

o 

CO 

o 

N 

d 

in 

o 

o 

S 

O 

ro 

OJ 

CM 

o 

p-d 

co 

o 

o 

n 

-4 

rr 

OJ 

d 

»»«4 

o 

o 

n 

o 

o 

o 

— 

o 

o 

o 

o 

in 

o 

o 

o 

o 

o 

o 

O 

m 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

I I I I III  III  II 


0J 

<0 

o 

dd 

in 

0s 

r* 

N 

d*4 

d 

CO 

CM 

n 

N 

— 

in 

O' 

CM 

o 

o 

— 

dd 

-1 

0J 

•"■4 

— 

o 

P-4 

•d 

OJ 

0J 

CM 

CM 

n 

ro 

d 

d 

in 

in 

in 

M3 

M3 

N 

N 

N 

CM 

0J 

OJ 

0J 

rvj 

0J 

0J 

0J 

OJ 

CM 

CM 

CM 

0J 

0J 

CM 

OJ 

CM 

0J 

CM 

CM 

OJ 

o 

n 

d 

<t 

N 

d 

•d 

in 

o 

p-d 

M3 

O 

o 

o 

N 

s 

d 

OJ 

<f 

0J 

CM 

V 

ro 

M3 

in 

N 

rc 

<t 

o 

M) 

<0 

0J 

N 

o 

M3 

CO 

M3 

0- 

CO 

CO 

0 

o 

d 

CM 

N 

— 

OJ 

CM 

OJ 

m 

in 

pd 

n 

N 

O 

CO 

o 

cn 

N 

d 

cn 

in 

o 

o 

•d 

N 

O' 

o 

0- 

0. 

co 

dd 

ro 

ro 

in 

CD 

0" 

in 

in 

CT 

in 

o 

o 

<f 

r^ 

in 

o 

o 

CM 

d* 

-« 

ro 

in 

M3 

o 

o 

-d 

CM 

O 

o 

O 

0J 

o 

o 

n 

O 

o 

o 

o 

o 

o 

o 

CM 

o 

o 

o 

O 

O 

o 

o 

OmI 

o 

o 

o 

o 

o 

<7 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

I I I I I I I I I I I I 


03 

H 

l/) 

tr 

ro 

d 

co 

OJ 

M3 

o 

r> 

»d4 

0J 

M3 

o 

•Mf 

co 

pd 

in 

O' 

m 

-* 

- 

•d 

iH 

0J 

wd 

rd 

P-d 

- 

p-4 

o 

_ 

»*d 

0J 

OJ 

OJ 

ro 

n 

d 

<r 

in 

IT 

in 

vn 

M3 

0 

r- 

r- 

CM 

CM’ 

OJ 

CM 

CM 

0J 

0J 

CM 

OJ 

CM 

CM 

OJ 

OJ 

OJ 

OJ 

CM 

CM 

0J 

Ol 

OJ 

CM 

Ol 

•n 

ro 

—4 

•d 

id 

O 

<T 

■o 

0J 

<f 

CP 

o 

N 

OJ 

CO 

M3 

ro 

pd 

CM 

CO 

<t 

n 

•“d 

in 

N 

co 

CM 

«d 

U) 

N 

O' 

CO 

d 

co 

n 

cc 

N 

N 

CM 

N 

O' 

d 

ro 

ro 

p-d 

in 

in 

rd 

N 

M3 

o 

CO 

CM 

O 

o 

d 

p-4 

M3 

o 

o 

r- 

o 

0J 

n 

CM 

vC 

o 

OJ 

o 

n 

(D 

o 

rn 

o 

CM 

00 

OJ 

CJ 

O' 

M3 

M3 

10 

Pd 

o 

dd 

CM 

o 

OJ 

o 

n 

«d 

CM 

0- 

— 

OJ 

0J 

dd 

U) 

0J 

dd 

CJJ 

CM 

in 

o 

CM 

ro 

o 

o 

o 

o 

ro 

o 

o 

o 

r> 

O 

o 

o 

OJ 

o 

r> 

o 

o 

o 

o 

o 

o» 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

I I I I I I I till  I 


o~  -•  <t  co  oj  ro  s — 

(\J  **d  •—*  •— * •— < •— < •— * *— < rvj  — < 

o o — — -*  <\i  oj  oj  ro  ro  <t  <t-  <r  to  LO  in  in  ^ if.)  n o*  r- 

CMOJCMCMCMCMCMCMOJCMOJwOJCMOJCMOJOJrjrjOJlM 


TABLE  A- 16 

THE  SYMMETRIZED  A_  MATRIX  FOR  ETHANOL 

BASED  ON  THE  FORCE  FIELD  AND  GEOMETRY  REPORTED  BY  ZEMLYANUKHINA  AND  SVERDLOV 


243 


©NN©N-«CM©©o©©co»*©©Kr''©N'*cM©©o©©®»H©<t©©©©CM©©cM.-« 
<fNflffl®OO<K7>Nr)^nNW<tNnoWOO<t(J><VnNnN(\lSi0^W(J'OOffl(Dffl 
(M<rif)<t©c\jocoNronw'inrn(7'fM<J-u)<j’tDcjocoscDnu>u)roy'(vj<#n  — NooNyva* 
ojoii)y'ojNooooor'i-'a)r'c\iou)c>c\ii^oouoofn-,ajr'a)^i’!if)»HooLno<}' 
V00x'0-OO<tO0<f<fH(M0O(Ji-O-*O0<tOO<f<I-<Nrtr)in0'0OO-ii0l,l 
noHHHnoo-oooo«ono-H-nooHOooo«oooNi(itfioooHO 

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOQOOOOOO 
I I I I I I I I I I I I I I I I I I I 


■d-®cM©o©y'<j-a).~©o'©N4H<)-cocM©o©o'<}-co4-©o'©N'-<<t®cM©o©o©ocM 

r-<  *-«  CM  ■— * ’"■4  r*  CM  »-4  CM  r-«  *-•  *-*  <-4  CM  — * •— 4 (M  H H H 

_.*r*„,_rM(\j(M<M©©©©©©<j-<r«*<}-<T©©©©©©©©©©rvr'-.r^Nr-®®©wo' 


--<©©ror-©'-'<t-;J'©®<i-©®o-<©©®N©-*4*<t©ro'3'©®oocMH-d'<t©~<-'tf''© 

©0'CM0'©f^O©0'0'O®CD0'ffl©0'CM0'©r'-O©0'0'O©®0'®-<CM®'-<!r©O©CM© 

"ir)U’«NU'oyr')(\(riiuNcuoiMi'i^'ONooonNncuMmjOHWow"io^iu>< 

i>.^>vo-<cDU)oo<»'<toco<topir^'u^)^icDu)oo<j-<roro,M''-'y''tfN'a-cM‘->'Ooi')'t)w 

OHHioNSooor)oNooir)0"|Hi!)SNOoonosoonHins^^soot()iT) 

oou<comoooouin<}ooooo<fOiDoooooiiiitoonrtooH'tlJ“iNo 


0000000000°00000000000000000000000000000 
I III  III  I I I I I I I I III  III 


©N»-'©a'<t®©N-«<t©cM©0©f''-4©0'<}'®©N.-4<t®CM©0©r'-»4ioO'©CO<*®-< 

' — I t-~4  r*  (\l  ^4  CM  *-4  4-4  H H [\J  — 4 »~4  CM  •— 4 .—4  *-“4  —4  4-4 

^.-,,H.-,,*cMCMCM(MrM©©©©©<*<f<t-''*<*©©©©©©©©©©h.NNNf'»cO®®®0' 


iP(jii/iinocMr)ioooinoinN<ti/UMjiinmMnioootooinN<fn®n^'ON®innaj 

Srt<fOiOOOOKI<COP)NfflDN-<tVlOOOOIII<fOI'l(M®l’IOI’l'UO^^Hrto<» 
tfil/l-<'0>OOOONiI)<tnOO(Ml0  1i)^'OiOOOo(MOO^noO!Mfflf')ON<fMMOO<J 
O©©O'NOoO<»-©U)<tCMCMCOO©©O'NOOO,»,©U)<*CMCM®<M'«<*O'O,0©om-' 
(Mrt'-HrtOOO<ffg'<n<tOoCM'-HHrtOOOit(\l>-n'*OOCO(M<f'<<MnNO(MI') 

O0l'IOiQOQHfi|0OO000O(MUH0O0-l\l000OOHl')0^IHn'!0O0 


OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

II  I I I I I I I I I I I I I I I I I II 


CM 

>0 

o 

© 

© 

s 

CM 

© 

o 

© 

N 

rH 

© 

O' 

CM 

© 

o 

<* 

© 

© 

N 

CM 

© 

o 

© 

s 

rH 

© 

O' 

CM 

© 

o 

® 

CM 

s 

© 

N 

rH 

rH 

r>H 

•H 

rH 

CM 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

CM 

•H 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

CM 

rH 

rH 

rH 

rH 

rH 

CM 

CM 

CM 

CM 

CM 

© 

© 

© 

© 

© 

<t 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

r* 

N 

N 

N 

® 

® 

<V 

® 

© 

© 

<fr 

CM 

o 

vO 

© 

CM 

© 

© 

au 

CO 

N 

CO 

in 

n 

© 

o 

© 

vO 

CM 

© 

vO 

® 

cu 

N 

GD 

in 

N 

CM 

o 

© 

in 

n 

© 

CM 

O' 

© 

© 

© 

© 

CM 

© 

CM 

rH 

o 

o 

N 

© 

© 

© 

O' 

O' 

N 

n 

© 

CM 

© 

CM 

rH 

o 

o 

N 

© 

CO 

© 

O' 

O' 

N 

© 

<r 

CM 

© 

© 

rH 

© 

CM 

© 

O' 

© 

© 

<r 

o 

y 

CM 

Q 

o 

O 

© 

CM 

© 

<* 

© 

© 

© 

<* 

o 

O' 

CM 

O 

o 

o 

CO 

CM 

<* 

© 

© 

O' 

® 

o 

rH 

O' 

© 

© 

CM 

v> 

CM 

ID 

© 

CM 

CM 

rH 

O 

o 

<t 

CM 

CM 

© 

N 

© 

© 

CM 

© 

© 

© 

CM 

•H 

o 

o 

<* 

CM 

CM 

© 

N 

© 

© 

o- 

O' 

© 

© 

© 

rH 

•H 

rH 

© 

CM 

H 

CM 

rH 

© 

o 

•H 

O 

o 

O' 

© 

rH 

rH 

© 

CM 

CM 

rH 

© 

rH 

© 

o 

rH 

o 

o 

O' 

© 

rH 

rH 

© 

CM 

© 

o 

rH 

rH 

© 

O 

rH 

© 

o 

CO 

m 

o 

<t 

o 

o 

o 

O 

o 

© 

o 

O 

<* 

O 

o 

O 

o 

o 

o 

o 

o 

<* 

© 

o 

o 

<t 

o 

O 

o 

O 

o 

rH 

o 

o 

OJ 

o 

CM 

n 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

I I I I I I I I I I I till  III  ll  It 


,~i©0'©f'"-''<J-«©0'<M©o<tau-<©o'©N''«©<-'©0'CM©o<>-<x)^©o©N4-©.-4©o 

rH  rH  (\|  •-<  r-4  *— < rH  ,-H  rH  H ^ (\j  ~-4  r~4  HHh  H (\J  r-4  rH  C\J 

^^•H^^^c\jc\jc\jc\;rnrr)f,r)nrr)<t<f<r<j-<t<tipinir)ir)'Ovo^'Ovo^NN^s-NcoQOODco 


I 

I 


IT5 
I Q) 

I 3 

i c: 
I *H 
I -P 
I c 
I o 
I o 


TABLE  A-16-continued 


244 


rn 

(M 

r4 

CO 

CM 

O 

m 

i n 

n 

in 

CM 

O' 

in 

ms 

r4 

M3 

in 

CM 

<0 

in 

o 

H 

O' 

CM 

CO 

N 

in 

ro 

M3 

o 

n 

C0 

CM 

CM 

co 

<* 

m 

n 

n 

r- 

n 

O 

m 

in 

<r 

CM 

n 

in 

^4 

n 

CM 

CM 

O' 

CD 

rn 

CM 

H 

n 

rn 

in 

o 

O' 

CM 

rn 

r~ 

<* 

in 

CO 

o 

ro 

in 

CM 

N 

in 

O' 

N 

r-4 

in 

co 

•-4 

in 

rn 

O' 

O' 

00 

o 

—4 

O' 

m 

r- 

r; 

CM 

<t 

o 

CO 

CM 

r-4 

n 

N. 

O' 

CO 

O' 

N 

co 

o 

UJ 

^4 

4 

O' 

M3 

O' 

n 

in 

»4 

co 

in 

IX) 

H 

rH 

n 

in 

CM 

N 

4 

cp 

m> 

m) 

CM 

^4 

H 

rH 

VU 

cvj 

N 

CM 

—4 

CVJ 

CD 

O 

ro 

CVJ 

in 

<* 

n 

o 

cr 

CM 

rw 

au 

VJJ 

r4 

— H 

U) 

o 

o 

VU 

M3 

D 

pi 

m3 

cm 

O 

o 

— H 

n 

o 

^4 

in 

o 

C0 

C0 

o 

N 

M3 

o 

o 

O' 

aj 

r- 

<* 

r-4 

o 

^H 

in 

^4 

4 

(M 

-4 

n 

r-4 

CVJ 

o 

CM 

r4 

•4 

r-4 

,2 

— H 

o 

4 

o 

O 

o 

-1 

O 

o 

CM 

o 

CM 

rn 

O 

rn 

4 

o 

o 

n 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

CM 

o 

o 

0. 

o 

o 

0. 

o 

o . 

0. 

o 

■ 0 

o 

o 

O 

Q 

0 . 

0. 

0 . 

o 

0. 

0 . 

o 

o 

■0  . 

o . 

o 

0. 

o 

o 

0. 

o 

o. 

o 

0 , 

0. 

o 

o . 

o 

o , 

O 

o 

I I I I I I I I I I I I II  I I I I’  I I I II 


<0 

o 

4 

CD 

r-4 

IX) 

O' 

p) 

r-4 

vn 

r4 

\0 

o 

rn 

N 

r-4 

in 

O' 

CM 

vn 

o 

on 

r4 

in 

O' 

rn 

<r 

CM 

'D 

o 

n 

r* 

r-4 

OJ 

'O 

o 

<T 

r-4 

-H 

r"4 

r4 

r-4 

CM 

r-4 

r-4 

CM 

r-4 

r-4 

r-4 

r-4 

r4 

r-4 

r-4 

r-4 

r4 

CM 

rH 

»4 

O' 

O' 

cr 

O' 

o 

o 

o 

o 

o 

o 

»-4 

»-* 

r-4 

r-4 

CVJ 

<\J 

CM 

CM 

CVJ 

rn 

r> 

n 

4 

<T 

in 

in 

U) 

in 

vO 

'O 

r* 

N 

au 

co 

CO 

O' 

O' 

o 

r-4 

r-4 

r-< 

r4 

rH 

r4 

H 

*H 

r-4 

r>4 

r-4 

H 

r4 

r-4 

r4 

r-4 

r-4 

r-4 

•H 

r-4 

—4 

r-4 

r4 

r-4 

*~4 

r-4 

r-4 

r-4 

H 

r-4 

r4 

r4 

H 

r-4 

r-4 

CVJ 

CD 

co 

ms 

n 

n 

<t 

m 

in 

IX) 

m 

CVJ 

rn 

M3 

rvj 

r-4 

m 

CM 

r-4 

co 

N 

in 

CvJ 

4 

O 

o 

in 

o 

vO 

-4 

h- 

vO 

O' 

(\J 

IX) 

<t 

(\J 

rn 

co 

in 

in 

ms 

co 

N 

M) 

N 

CM 

O' 

o 

o 

CD 

CO 

<D 

N 

rn 

o 

rn 

O' 

O' 

4 

m 

m 

rn 

r- 

o 

rn 

rn 

N 

CD 

r-4 

rn 

U) 

r*- 

r> 

o 

^4 

o 

0J 

O' 

in 

CM 

CM 

CM 

<r 

rn 

—H 

N 

o 

o 

LP 

O' 

^4 

m 

rn 

ro 

O 

O' 

o 

CJ 

m 

o 

CM 

O' 

r* 

U) 

CO 

O' 

UJ 

r-4 

r* 

rt 

U) 

<r 

o 

o 

CM 

r-4 

O' 

cu 

CO 

r-4 

p) 

in 

r4 

o 

o 

in 

o 

4 

P) 

U) 

CM 

N 

u 

O' 

in 

o 

U) 

CO 

o 

CM 

m 

co 

uu 

u> 

cu 

CVJ 

& 

VU 

CM 

o 

r-4 

CM 

r-4 

C\J 

r-4 

r> 

IP 

o 

>0 

o 

o 

r-4 

>0 

n 

nj 

>0 

CM 

u 

rH 

CVJ 

rn 

in 

o 

n 

o 

a 

o 

'0 

ri 

o 

o 

o 

>0 

r4 

-4 

r4 

rn 

o 

o 

r* 

o 

o 

o 

o 

(\j 

in 

in 

o 

o 

C-> 

r>4 

o 

CVJ 

r-4 

o 

o 

o 

o 

in 

o 

o 

o 

o 

IX) 

o 

o 

O 

o 

o 

o 

o 

o 

o 

u 

<T 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

I III  I I I I I II  II  I I I I I I I I II 


in 

O' 

ro 

r-4 

00 

CM 

o 

o 

in 

o 

n 

O' 

CM 

>n 

o 

® 

r-4 

in 

O' 

n 

r-4 

® 

CM 

rn 

s 

r-4 

in 

O' 

CM 

'0 

o 

r-4 

in 

O' 

n 

r-4 

r4 

CM 

r-4 

r-4 

CM 

r4 

r4 

r-4 

r-4 

r4 

r4 

r-4 

r4 

CJ 

r4 

r-4 

r-4 

r-4 

r-4 

r-4 

O' 

O' 

O' 

O' 

O' 

o 

o 

o 

o 

o 

•-4 

*-4 

•-4 

r-4 

CM 

CM 

CM 

CVJ 

CM 

rn 

rn 

rn 

rn 

in 

n 

m 

n 

M3 

N 

K 

® 

CO 

® 

O 

O' 

O' 

O' 

r-4 

r-4 

r-4 

r4 

r4 

r4 

r4 

r-4 

r4 

r-4 

r-4 

r-4 

r4 

r-4 

r-4 

r-4 

r-4 

r4 

r-4 

r-4 

r4 

r-4 

*■4 

H 

r4 

r4 

r-4 

r-4 

** 

r-4 

r-4 

r-4 

r-4 

r4 

H 

in 

N 

O 

CM 

o 

CM 

<* 

<}■ 

n 

•4 

<t 

N 

in 

CO 

CO 

vO 

n 

n 

O' 

® 

O' 

M3 

•-4 

S 

in 

O 

o 

N 

r-4 

O 

N 

rn 

o 

o 

O' 

N 

<* 

r4 

CD 

r4 

r4 

CM 

co 

r4 

m 

o 

n 

CM 

IX) 

in 

M3 

O' 

co 

N 

O 

o 

P) 

N 

IX) 

r4 

ro 

<* 

IX) 

O' 

<T 

rn 

N 

cu 

r^ 

r* 

O' 

M3 

n 

CM 

•4 

CO 

in 

O' 

o 

r-4 

co 

o 

co 

CM 

o 

O' 

O 

r4 

CM 

O' 

in 

CM 

CM 

IX) 

m 

U) 

r4 

CO 

O' 

M3 

CM 

CM 

® 

M3 

o 

CM 

® 

o 

in 

r-4 

O' 

<r 

IX) 

O 

CM 

O' 

N 

<fr 

CM 

o 

v0 

o 

rn 

<0 

r-4 

O 

CM 

H 

O' 

CD 

CO 

<t 

cvj 

w 

in 

in 

n 

CM 

s 

r* 

o 

<t 

P) 

o 

<t 

<* 

S 

o 

in 

O 

O 

in 

in 

O' 

r4 

in 

N 

<t 

O' 

s 

o 

o 

in 

n 

O 

r-4 

r4 

CM 

H 

in 

<t 

CM 

ao 

M3 

CM 

o 

IM 

CM 

o 

m 

N 

o 

o 

CM 

r-4 

o 

O' 

o 

o 

M3 

«r 

rn 

r-4 

CJ 

o 

r4 

o 

in 

CVJ 

o 

o 

O 

N 

o 

o 

o 

o 

r4 

O 

® 

CM 

IX) 

O 

O 

rM 

o 

O 

0) 

o 

IX) 

r4 

o 

o 

r-4 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

O 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

II  I I I I I I I I I | I I I I I 


4 

® 

CM 

M3 

o 

rn 

K 

r-4 

in 

O' 

n 

ro 

CO 

r4 

in 

O' 

rn 

N 

r4 

<* 

CO 

CM 

M) 

o 

r) 

N 

r^ 

CM 

M) 

O 

4 

CO 

r-4 

in 

O' 

rn 

CD 

rj 

r-4 

— 

CVJ 

r^ 

r-4 

r4 

r-4 

r4 

r-4 

r4 

Cvj 

r-4 

r-4 

OJ 

rH 

•4 

*— 4 

r-4 

rH 

O' 

V* 

O' 

O' 

O' 

o 

O 

o 

O 

o 

r4 

^4 

r-4 

r-4 

CM 

CM 

CM 

IM 

CM 

CVJ 

r> 

ro 

ro 

4 

IX) 

in 

in 

M3 

M) 

M3 

N 

CD 

CO 

ro 

ro 

O' 

O' 

r-4 

r4 

r4 

r-4 

r»4 

r-4 

r-4 

H 

r—4 

r-4 

r-4 

r-4 

r-4 

r4 

r-4 

^4 

r-4 

r-4 

r-4 

r-4 

r-4 

r-4 

rH 

rH 

—4 

rH 

r-4 

r4 

rH 

rH 

—4 

rH 

rH 

•-4 

^4 

M3 

r-4 

in 

Cvj 

rn 

d) 

"> 

4 

M3 

S 

00 

in 

n 

a> 

in 

N 

o 

r-4 

CM 

N 

o 

CM 

in 

rn 

CVJ 

4 

O' 

4 

O' 

o 

N 

O' 

ro 

O' 

cu 

rH 

CM 

CM 

N 

® 

rn 

CM 

—4 

i*) 

o 

rn 

M3 

o 

o 

r4 

o 

<t 

<& 

4 

^4 

CO 

r-4 

o 

<* 

O' 

M) 

n 

10 

N 

U) 

r- 

s 

in 

o 

CM 

4 

M3 

ro 

ro 

M3 

O' 

r—4 

M3 

co 

(\J 

r-4 

m 

co 

rn 

o 

N 

4 

N 

CM 

o 

M3 

4 

CM 

r-4 

CO 

in 

U' 

M3 

ao 

N 

CM 

O' 

CM 

o 

r-4 

O' 

ro 

in 

r- 

rn 

o 

U' 

M3 

CM 

rn 

O' 

S 

CM 

r4 

CM 

ro 

CM 

r-4 

4 

O' 

o 

M3 

M3 

o 

rn 

r-4 

o 

<* 

CM 

O' 

4 

O 

r-4 

rH 

rn 

ro 

M3 

M) 

ro 

M3 

ro 

in 

r-4 

O' 

rn 

o 

4 

in 

S 

M3 

M3 

o 

!•» 

M3 

o 

o 

(0 

CM 

r-4 

CM 

rn 

CM 

o 

CM 

rn 

o 

o 

in 

in 

O 

4 

rn 

rn 

4 

o 

M3 

o 

rn 

n 

r-4 

o 

o 

rn 

rH 

o 

rn 

O' 

o 

^4 

-4 

O 

n 

<r 

o 

o 

r-4 

n 

o 

4 

in 

rn 

r-4 

o 

o 

o 

o 

O 

MD 

4 

4 

ro 

rn 

M3 

o 

r4 

M3 

O 

rn 

in 

O 

N 

M) 

o 

00 

o 

o 

CM 

o 

o 

o 

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 
I I I I I I till  I I I I I I I I III  I III  I I I 


IT) 
I <D 

I p 

roN~*inc?'CMM304<DCMi"'-rnN~,4cocMM)ornf~-iino'CMM3o.-iino''nK<-«4®cMmN-M  j ^ 

»~4  H H H r—4  H C\J  *-H  H -H  H r~*  H * * CVJ  H —4  | 

I c 

(7'(7C^trc>ooooo^'-«^^«-«(\jc\j(M(\jcvjnr)ro<*<rmtoin<£'j?vO'O^Na->,:uooor'0'C7'  i o 

*-4  —4  ,.««  r-4  r-4  —4  rH  IO 


245 


s<to-<'<inorvjaj<tro®pr)®W'Or-ia'(\H'Ju,)n 
<tr)vo<*ooNc\j.-iino<*cT''X).-<--«NNooNf^n 
ON^wnfvj'ii  — -*roo>-Noor«.in<tif)ou'a) 

r'U'Of'~is-co-«ro**roO'0'inix)oin~‘0.-iu<t'o 

inooN-rfi'Mn'uoo-woHHom'Jooi’i 

OOOOOOQ(\|OOOOOOOOJOOOOO<t 

oooooooooooooooooooooo 
I I I I II  II  I I M 


T5 

0 

3 

a 

•H 

-p 

c 

0 
u 

1 

vO 

rH 

I 

< 


CO 

LD 

o> 

ro 

<r 

cu 

CM 

VO 

o 

ro 

r*- 

"H 

eg 

>o 

o 

<T 

CD 

rH 

U) 

o 

ro 

H 

9-4 

H 

9-4 

CM 

*4 

H 

H 

rH 

rH 

o 

9-4 

rH 

rH 

H 

C\J 

CM 

CM 

r) 

n 

<T 

4 

U) 

IX) 

in 

VP 

vO 

r*- 

N 

N 

IVJ 

C\J 

OJ 

C\J 

eg 

eg 

eg 

CM 

eg 

eg 

CM 

C\J 

CM 

eg 

CM 

eg 

eg 

eg 

ig 

eg 

CM 

eg 

CM 

CD 

r>- 

o 

N 

H 

<* 

n 

* 

ro 

'C 

<t 

IX) 

O' 

O' 

eg 

o 

ao 

in 

<r 

H 

n 

1X1 

CM 

o 

O' 

ro 

H 

iO 

in 

n 

in 

CD 

GO 

O' 

O' 

O' 

vO 

CO 

o 

n 

ro 

rH 

u> 

N 

<r 

rH 

o 

rH 

u 

H 

o 

<r 

O 

in 

O' 

MJ 

o 

eg 

ig 

eg 

'O 

u 

C\J 

O 

eg 

ao 

9-4 

ri 

o 

(M 

O' 

CM 

UJ 

O' 

•V 

u; 

<t 

H 

o 

eg 

o 

CM 

o 

n 

rH 

CM 

N 

rH 

ro 

(\J 

rH 

in 

eg 

rH 

o- 

au 

CM 

in 

o 

CM 

n 

a 

o 

o 

o 

n 

o 

o 

o 

o 

o 

o 

o 

CM 

u 

a 

o 

9-4 

o 

o 

o 

o 

eg 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

I II  I III  I Ml 


N 

9—4 

ao 

CM 

ro 

N 

9-4 

in 

o 

CM 

o 

H 

in 

O' 

ro 

<*■ 

cn 

CM 

rH 

eg 

rH 

H 

H 

9-4 

-4 

9—4 

—4 

eg 

9-4 

o 

o 

9-4 

•— < 

H 

CM 

CM 

CM 

ro 

ro 

in 

in 

m 

in 

yO 

o 

N 

N 

N 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

(M 

CM 

eg 

CM 

CM 

CM 

CM 

rM 

CM 

CM 

CM 

eg 

CM 

in 

CM 

CM 

CO 

n 

o 

O' 

N 

9—4 

r- 

O' 

in 

in 

<t 

m 

it 

ro 

® 

N 

o 

in 

gj 

in 

eg 

o 

9—4 

<f 

o 

to 

eg 

ao 

'O 

00 

ro 

eg 

N 

n 

CD 

CM 

o 

9—4 

eg 

•h 

00 

CO 

o 

94 

Q 

o 

N 

s 

o 

o 

ro 

o 

vD 

<* 

U) 

CM 

to 

n 

ffi 

o 

O' 

K 

CM 

CO 

<t 

CO 

in 

ro 

in 

o 

eg 

o 

n 

»0 

N 

00 

94 

U) 

'O 

O' 

O' 

D 

in 

o 

*H 

CM 

9-4 

<t 

<t 

* 

O' 

CM 

o 

o 

n 

94 

CM 

y0 

in 

O' 

o 

rH 

CM 

o 

rH 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

«* 

o 

o 

o 

o 

o 

o 

a 

o 

o 

o 

a 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

O 

o 

o 

o 

o 

o 

o 

o 

II  I II  I I I I II  II 


O) 

o 

CO 

9—4 

CM 

'C 

o 

CO 

9-4 

in 

O' 

CO 

<0 

CM 

NO 

o 

ro 

rH 

9-4 

CM 

9-4 

w4 

9-4 

rH 

9-4 

9-4 

9-4 

eg 

rH 

o 

o 

rH 

94 

CM 

CM 

CM 

n 

n 

<fr 

in 

on 

in 

VU 

nO 

N 

N 

eg 

CM 

eg 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

eg 

eg 

CM 

O' 

>0 

O' 

n 

eg 

CM 

CD 

eg 

94 

ro 

rH 

n 

<* 

o 

ro 

rH 

o 

(D 

O' 

0D 

U) 

O' 

00 

<t 

l0 

O' 

co 

O' 

CO 

CM 

co 

eg 

ao 

ro 

CC 

CO 

9—4 

in 

n 

H 

CO 

r- 

co 

O' 

® 

o 

9—4 

NO 

o 

N 

NO 

9-4 

m 

ro 

O' 

N 

CO 

CM 

o 

rH 

ao 

<t 

O' 

'O 

N- 

in 

ro 

o 

O' 

o 

CM 

in 

n 

o 

CO 

o 

N 

in 

in 

o 

o 

r- 

o 

w4 

9-4 

n 

eg 

CM 

o 

•H 

cn 

o 

o 

ro 

rH 

n 

CM 

O 

9-4 

o 

o 

n 

o 

o 

o 

o 

o 

o 

o 

in 

o 

o 

o 

o 

o 

o 

O 

in 

o 

o 

o 

o 

o 

o 

o 

o 

o 

a 

o 

o 

Q 

o 

o 

o 

o 

o 

o 

o 

O 

o 

I I I I III  III  II 


inO'OJ\00^<u)(Mr)r^^i<tODojr)r^-<if)0(\Jvoo 
— < — < — . — • c\j  — < — « •-<  — 

oo-*— <— •cMCMCMiMroro<f<J'<i'ininu')'Ovc^^-f^ 

(MCMCMCMCM(M<MCM(MCMcMCM<MCMCMCMCMCMCMIMCMCM 


BASED  ON  TRANSFERRED  FORCE  CONSTANTS 


246 


CO 

p- 

n 

<* 

o 

N 

s 

<t 

vO 

ro 

O' 

co 

s 

o 

n 

pj 

ro 

P- 

in 

'O 

CO 

O 

o 

<t 

rn 

o 

K 

m 

m 

<0 

O 

pj 

44 

n 

ro 

co 

o 

ro 

p- 

oo 

PJ 

PJ 

CM 

in 

N 

rn 

in 

44 

O' 

O' 

<t 

VU 

N 

*•« < 

•—4 

<t 

N 

in 

P- 

CO 

o 

o 

in 

Of) 

-4 

CP 

O' 

oo 

m 

O' 

n 

in 

in 

o 

o 

_< 

\0 

m 

OJ 

CM 

>0 

in 

O' 

N 

o 

in 

a 

rn 

s 

N 

•4 

in 

in 

*4 

o 

o 

IT) 

N 

n 

p. 

44 

o 

n 

vD 

s 

o 

N 

—4 

cc 

o 

PJ 

n 

<t 

ro 

O' 

n 

vO 

CP 

ro 

M 

in 

n 

pj 

rn 

n 

4* 

rn 

ro 

CM 

in 

in 

VO 

n 

r^ 

in 

0- 

CM 

o 

O' 

o- 

>0 

o 

pj 

<t 

m 

pj 

•4 

o 

O' 

oo 

PJ 

o 

o 

o 

in 

o 

o 

o- 

o 

o 

o 

o 

44 

o 

o 

n 

ro 

— * 

O' 

in 

pj 

•4 

CP 

in 

^4 

o 

rn 

pj 

ro 

CM 

n 

o 

pj 

o 

CM 

44 

o 

44 

o 

o 

o 

44 

o 

o 

PJ 

O 

o 

o 

o 

o 

o 

o 

o 

r> 

o 

CM 

o 

o 

pj 

o 

o 

w* 

o 

o 

pj 

o 

o 

— 

•4 

o 

■"* 

o 

O 

o 

o 

o 

o 

o 

0. 

o 

’ 0 

0 « 

o 

o 

o « 

o 

0, 

o 

o , 

o 

o 

o 

0. 

0. 

0. 

o 

o 

• 0 

•o 

•c 

0. 

*c 

o , 

0. 

o 

• c 

•o 

0 , 

• c 

o 

o 

o 

o 

o 

0, 

o 

III  I I I I I I I I I | I I I I I I I I | 


CO 

PJ 

rn 

N 

*4 

PJ 

o 

*4 

in 

O' 

rn 

<* 

CO 

PJ 

rn 

P- 

•4 

PJ 

>0 

o 

«4 

in 

o 

rn 

CO 

PJ 

rn 

N 

— 

CM 

vO 

o 

»4 

in 

o 

n 

<r 

4* 

-* 

-4 

4 

•4 

4 

•4 

*4 

•4 

•4 

^4 

*-* 

H 

4 

pj 

PJ 

PI 

rn 

m 

rn 

<t 

in 

in 

in 

«C 

<0 

>0 

N 

N 

S 

cc 

00 

no 

CO 

O' 

O' 

O' 

o 

o 

o 

»4 

4 

^4 

PJ 

w 

PJ 

PJ 

rn 

- 

*4 

** 

-* 

•4 

— 

4 

^4 

•4 

1-4 

N 

in 

rt 

m 

N 

rn 

in 

>o 

O' 

rn 

o 

O' 

CC 

rn 

pj 

o 

co 

rn 

10 

rn 

-t 

O' 

•4 

in 

o 

_ 

o 

o 

PJ 

in 

O' 

O 

in 

m 

»4 

O 

in 

_ 

N 

N 

s. 

PJ 

pj 

o 

N 

•4 

in 

p- 

>0 

in 

to 

CO 

<t 

U) 

in 

co 

o 

o 

p- 

rn 

no 

O' 

PJ 

rn 

O' 

co 

p* 

PJ 

PJ 

pj 

O' 

co 

CC 

PJ 

pi 

s 

-4 

CC 

>o 

<t 

■0 

<* 

to 

PJ 

rn 

PJ 

pj 

O' 

s 

m 

O' 

— 

pj 

vO 

o 

cn 

CM 

O' 

in 

•4 

i0 

44 

o 

O' 

in 

n 

<t 

PJ 

'0 

o 

in 

N 

<0 

<t 

o 

nn 

in 

PJ 

00 

o 

PJ 

N 

o 

n 

o 

n 

<t 

in 

o 

<C 

CM 

o 

pj 

O' 

•4 

pj 

in 

pj 

n 

o 

in 

rn 

O' 

o 

rn 

PJ 

CO 

PJ 

•4 

4 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

rn 

o 

o 

i0 

— 

O' 

O' 

n 

O 

o 

n 

PJ 

4 

•4 

o- 

r 

in 

PJ 

O 

-4 

m 

o 

in 

CM 

•4 

<!• 

s 

PJ 

rr 

o 

o 

o 

o 

o 

o 

o 

n 

O 

o 

o 

o 

o 

o 

pj 

o 

o 

pj 

4 

o 

O 

CM 

o 

o 

o 

o 

o 

o 

rn 

o 

•4 

pj 

o 

n 

n 

-1 

o 

-4 

PJ 

o 

o 

o 

o 

•4 

o 

o 

o 

o 

O 

o 

ooo 

o 

•4 

o 

o 

o 

o 

o o 

o 

O 

O 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

O 

o 

o 

I I I I I I I I I I I I II  II  I I 


rn 

p- 

•4 

PJ 

•o 

O 

44 

in 

O' 

rn 

<r 

CO 

01 

m 

N 

44 

PJ 

o 

-4 

in 

O' 

n 

<}■ 

cn 

CM 

rn 

N 

44 

pj 

>0 

o 

44 

in 

O' 

rn 

<r 

CO 

CM 

rn 

— 

-4 

44 

-* 

-* 

44 

4 

— 

44 

•4 

»4 

^4 

^4 

PJ 

PJ 

PJ 

m 

rn 

rn 

rn 

<r 

in 

in 

in 

o 

<0 

N 

N 

N 

N 

<n 

co 

00 

O' 

o 

O' 

o 

o 

o 

•4 

44 

44 

4 

PJ 

PJ 

OJ 

rn 

^4 

44 

44 

44 

44 

— 

-* 

44 

44 

<}• 

<t 

^4 

m 

N 

o 

CD 

o 

un 

'C 

-4 

rn 

<r 

n 

rn 

p- 

CO 

»4 

O 

m 

44 

o 

o 

rn 

<f 

to 

<r 

CO 

rn 

in 

44 

r> 

n 

rn 

pj 

n 

o 

rn 

•4 

pj 

CM 

in 

pj 

in 

44 

CO 

44 

CO 

v0 

CO 

in 

<t 

n 

N 

4 

O' 

PJ 

44 

*4 

O' 

& 

44 

vO 

O' 

vO 

O' 

<t 

10 

co 

in 

in 

0 

rn 

n 

rn 

CM 

'■C 

44 

r- 

in 

rn 

o 

o 

in 

P- 

o 

rn 

44 

CC 

N 

pj 

pj 

O' 

O' 

pj 

rO 

>4 

in 

CO 

rn 

rn 

o 

pj 

<£> 

in 

44 

m 

CM 

N 

'0 

p- 

0 

CM 

r> 

<t 

*4 

o 

o 

n 

co 

o 

in 

44 

PJ 

•4 

oo 

PJ 

o 

r> 

r~ 

44 

co 

P.1 

N 

<T 

rn 

o 

pj 

o 

rn 

r> 

N 

CO 

N 

N- 

O' 

O' 

O' 

in 

in 

O 

*4 

o 

o 

PJ 

o 

o 

p- 

rn 

o 

44 

CM 

4 

o 

<* 

o 

to 

CM 

IT 

N 

n 

o 

in 

in 

o 

in 

n 

CM 

44 

O 

CM 

CM 

CM 

rn 

O 

■e 

<t 

o 

o 

o 

o 

o 

o 

o 

(7* 

o 

o 

o 

O 

o 

o 

u> 

o 

o 

o 

Q 

o 

rn 

O 

o 

<r 

44 

O 

in 

o 

O 

o 

•4 

O 

O 

O 

<r 

0 

O 

CM 

O 

o 

n 

o 

c 

o 

o 

o 

O 

o 

o 

- 

o 

o 

o 

o 

o 

o 

44 

o 

O 

o 

44 

o 

o 

o 

o 

O 

o 

o 

O 

o 

o 

o 

O 

O 

0 

0 

O 

O 

O 

I I I I III  I I I I I I I I | I 


CM 

<0 

0 

44 

in 

U' 

rn 

<7 

CO 

PJ 

rn 

— 

CM 

u; 

0 

44 

in 

(7* 

rn 

<t 

<JU 

pj 

n 

r~ 

4 

CM 

UJ 

0 

•4 

1/5 

0 

n 

<T 

C0 

CM 

rn 

P- 

44 

CM 

- 

-1 

44 

44 

44 

44 

44 

- 

44 

44 

^4 

44 

44 

CM 

CM 

CM 

CM 

rn 

rn 

rn 

<r 

<t 

<t 

m 

in 

in 

<0 

vO 

JD 

N 

N 

co 

OJ 

cc 

O' 

rr 

O' 

O 

O 

0 

O 

44 

44 

^4 

CM 

0J 

CM 

rn 

- 

4-< 

-* 

— 

44 

44 

•4 

44 

— 

44 

in 

N 

CO 

s 

m 

0 

"4 

n 

in 

rn 

cn 

0 

N 

44 

<t 

44 

44 

'0 

m 

<r 

CM 

0 

CD 

vO 

N 

0 

rn 

N 

un 

•0 

vO 

in 

O 

O' 

rr> 

•n 

in 

44 

<7 

in 

O' 

*4 

44 

-4 

<t 

CM 

cc 

rn 

44 

cc 

(VI 

p- 

rn 

in 

PI 

CM 

N 

CO 

rj 

O 

ro 

1/) 

PJ 

CM 

10 

vO 

N 

0 

O 

N 

N 

N 

0 

N 

O' 

r* 

^4 

vO 

in 

CM 

10 

in 

N 

44 

44 

44 

0 

10 

rn 

C' 

vO 

rn 

44 

O 

O' 

CO 

<T 

N 

<r 

<f 

PJ 

in 

cr 

CM 

<* 

PJ 

<7 

vO 

rn 

00 

CVI 

rn 

vC 

0 

r^ 

rn 

C3 

i/j 

in 

44 

rj 

44 

0 

rn 

0 

44 

<p 

0 

10 

PI 

m 

44 

CO 

vO 

rr 

in 

N 

in 

CO 

0 

m 

cn 

IT 

r^- 

in 

N 

vO 

CM 

00 

CM 

0 

44 

0 

in 

O 

0 

0 

O 

0 

in 

O 

0 

0 

O' 

CM 

pj 

PJ 

0 

'U 

0 

<T 

rn 

rn 

-4 

CO 

»4 

CO 

O' 

u; 

0 

0 

in 

<t) 

4- 

<r 

44 

ri 

rn 

O 

0 

O 

(j 

CM 

O 

0 

0 

O 

0 

44 

O 

0 

0 

0 

CM 

0 

0 

44 

0 

0 

O 

0 

C3 

U' 

O 

O 

co 

0 

0 

0 

O 

CM 

U l 

0 

44 

0 

0 

—ooooooooooooooooooooooooooooooooooooooo 

II  I I l I l I I I I | | l | | I I l I I I 


continued 


247 


C7'-><fo<}-'Oinin<}'f'ia5o®wr^|r'r)-. 

0'roo-mNro<t-  — o>rorororoo<J,-<ro'-' 

S'00Jl/H0OlD'0®CT'(M®C'®<tvCiO® 

<tNOfvj®o(\JN®®®<t(T‘®0'0'(V® 

®K®ooacMr>noNc'jo-«a\'£><j-® 

oooooorooooojoooo-rooo 


OOOOOO'-OOOOOOOOOOO 

I I I I I I I I It  I I I 


®(M'0O®o®O®O'X)O\0o®O®O 
— “i  OJ  -*  OJ  -<  OJ  .*  OJ  -i  OJ  — OJ  — OJ  — OJ 

—*,-‘«-,-«4«—4»-4*— 4»-4*—,«-«*-««-4  0jOJOlOJ 

incoa'0,'(\j<torvjQoooNN»oir>Ncoro 
N'*innoNnoco'fl<tif<f---<«so 
a‘M5Na)^N'0SNfJ^'0-<Ni0(\JS 
®®®<t®0'®(7'®--®  0-S’0®S-< 
(\i-JO-,soifiin_or)0'\C0'oow-j 
— -‘N0N0000rj-H®-^^0®0O 


OOOOOOOOOOOOOOOOOO 

I I I I I I I II  I 


s 

— 

in 

O' 

in 

O' 

ro 

o- 

in 

O' 

in 

O' 

in 

O' 

o 

in 

O' 

•— « 

-* 

•■*4 

*■4 

— 

*»< 

r~< 

n 

n 

m 

® 

ro 

ro 

N 

s 

CO 

cn 

O' 

O' 

o 

o 

•*■4 

— 

•»* 

<••4 

•H 

*■■4 

- 

•M 

- 

- 

»*4 

oj 

oj 

OJ 

OJ 

<t 

in 

® 

rn 

in 

ro 

O' 

<* 

OJ 

ro 

CD 

o 

■ct 

in 

o 

<t 

o 

o 

(\J 

in 

N 

vO 

o 

n 

O' 

ro 

in 

-- 

ro 

<t 

O' 

r+ 

cc 

'0 

N 

O 

s 

n 

— • 

m 

K 

O' 

in 

rn 

O' 

® 

® 

ro 

n 

'■0 

OD 

ro 

-* 

O' 

OJ 

o- 

o 

<* 

® 

<t 

OJ 

N- 

o 

o 

OJ 

N 

O 

ro 

N 

OJ 

in 

ro 

in 

cn 

<t 

o 

ro 

O 

n 

o 

r- 

O 

o 

- 

O 

o 

in 

O 

NU 

o 

O 

o 

o 

o 

O 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

I I 


I I 


a) 

P 

c 

•H 

+j 

c 

0 
a 

1 

o~ 


o 

<t 

O' 

<j 

UJ 

<* 

ro 

ro 

an 

* 

cc 

<3- 

CD 

<r 

ro 

- 

*»4 

•"■4 

- 

» 4 

H 

-* 

-* 

- 

n 

n 

<c 

in 

m 

ro 

>0 

N- 

N 

u; 

ro 

O' 

O' 

O 

O 

^-4 

- 

»— 4 

•—4 

n4 

•-* 

* 

- 

-* 

— 

OJ 

OJ 

Ol 

OJ 

U) 

o 

p* 

® 

r- 

OJ 

ro 

'0 

<t 

r* 

ro 

n 

OJ 

n 

— 

\D  in 

o 

o 

0- 

Cl 

CO 

N 

o 

o 

N 

ro 

o 

ro 

CU 

«~4 

H 

o 

<t  OJ 

cr 

N 

IT' 

ro 

*•4 

N 

OJ 

N 

N 

N 

ro 

ro 

C5 

<f 

s 

s 

o 

in 

CC 

«^4 

in 

o 

in 

O 

ro 

O 

ro 

o 

«»-4 

OJ 

o 

OJ 

(T'  <t 

OJ 

n 

CD 

o 

o 

^■4 

O 

N 

o 

N 

o 

O' 

o 

r- 

o 

in 

OJ 

— 'V 

o 

OJ 

o 

o 

o 

O 

o 

a 

O 

n 

o 

— • 

a 

— 

o 

•>-4  tm4 



OOOOOOOOOOOOOOOtJOO  — 

I I I I I I I I 


< 

w 

ro 

< 


— • — ' C\J  — CJ  — . (M  — — 

nnn<r<fuiinn)iflNMD5Ki'OooH-< 


DERIVED  FROM  THE  FORCE  FIELD  REPORTED  BY  ZEMLYANUKHINA  AND  SVERDLOV 


248 


o 

<t 

o> 

00 

pH 

rH 

N 

in 

pH 

o 

oo 

in 

<t 

O' 

N 

O' 

N 

pH 

r~ 

o 

N 

ro 

s 

M3 

o 

o 

CM 

o 

O 

N 

O' 

o 

M3 

o 

N 

M3 

O' 

M) 

ro 

cm 

CO 

CM 

eo 

eo 

in 

in 

CO 

o 

O' 

<t 

00 

ro 

<t 

O' 

n 

s 

CO 

ro 

pH 

ro 

M0 

M3 

O' 

pH 

pH 

n 

CM 

<* 

O' 

-It 

n 

in 

o 

CD 

<t 

0 J 

O' 

o 

<* 

N 

CM 

r> 

CM 

o> 

aj 

N 

O' 

CM 

ro 

O' 

CM 

ro 

CD 

ro 

CM 

o 

O 

V0 

cu 

M3 

in 

PI 

CO 

M3 

CM 

CO 

in 

CM 

<* 

M3 

N 

n 

in 

o 

r> 

(\l 

r* 

o 

11) 

O 

CM 

pH 

u 

ro 

P* 

CM 

CP 

r* 

Is* 

n 

ro 

U) 

o 

ro 

<T 

rH 

CM 

N 

ro 

VJ 

OJ 

<r 

CD 

ro 

pH 

o 

M3 

pH 

•t 

U 

CO 

o 

o 

o 

o 

OJ 

pH 

cc 

o 

pH 

o 

CM 

o 

o 

eo 

ro 

pH 

CM 

p- 

ro 

U) 

CM 

O 

K\4 

pH 

CM 

•H 

ro 

i n 

o 

ro 

CM 

O' 

CP 

in 

pH 

o 

CD 

O 

o 

in 

o 

O 

o 

pH 

o 

o 

»H 

Q 

o 

o 

o 

o 

o 

O 

<r 

o 

o 

ro 

CM 

. 0 

O 

pH 

ro 

o 

o 

o 

in 

o 

o 

O 

o 

o 

«H 

n 

o 

pH 

pH 

o 

o 

0. 

o . 

o 

o 

o . 

0. 

0. 

0 . 

o 

o 

o 

0. 

0 , 

•o 

o 

o 

o 

i , 

o 

o 

’ 0 

o 

o 

o 

•H 

o , 

o . 

0. 

o . 

•0. 

o 

o 

o 

0 , 

0. 

o 

0 . 

0. 

o , 

o 

III  I II  II  I I I I I I III  I I I 


<t 

ao 

CM 

ro 

N- 

pH 

CM 

M) 

o 

pH 

in 

O' 

ro 

CD 

CM 

ro 

N 

pH 

CM 

M3 

o 

pH 

in 

O' 

n 

ro 

CM 

n 

N 

pH 

CM 

M) 

o 

pH 

in 

U) 

n 

<t 

pH 

*H 

pH 

pH 

pH 

pH 

pH 

pH 

pH 

pH 

pH 

PH 

pH 

pH 

pH 

CM 

CM 

CM 

ro 

n 

ro 

C 

<T 

<* 

in 

in 

in 

MJ 

M3 

M3 

N 

CD 

CD 

CD 

CD 

O' 

O' 

O' 

o 

o 

o 

pH 

rH 

pH 

CM 

CM 

CM 

CM 

n 

•H 

pH 

pH 

•H 

pH 

pH 

pH 

rH 

pH 

pH 

ro 

O' 

in 

IT) 

CM 

O 

CD 

CM 

pH 

CM 

pH 

O' 

M3 

N 

CM 

pH 

M3 

o 

O' 

CM 

pH 

m 

CM 

pH 

pH 

in 

O' 

CM 

O' 

o 

ao 

pH 

CD 

O' 

o 

pH 

m 

M3 

o 

<t 

GU 

in 

O 

N 

N 

o 

CO 

CM 

N 

M3 

m 

CM 

CM 

CO 

N 

N 

<t 

CD 

CD 

O' 

rH 

pH 

CM 

vD 

CM 

n 

o 

O' 

in 

M3 

n 

CM 

o 

pH 

CM 

CM 

cu 

r>* 

CJ 

cu 

O 

<T 

CM 

MJ 

<r 

N 

m 

pH 

N 

pH 

u> 

CM 

O' 

Ul 

O' 

pH 

r* 

CD 

U) 

UJ 

CM 

CM 

M3 

CM 

<T 

O' 

U> 

CM 

O' 

N 

C\J 

o 

u 

o 

CM 

<* 

pH 

ro 

MJ 

<r 

CM 

u> 

o 

pH 

pH 

N 

o 

V 

in 

CM 

<* 

pH 

n 

CM 

in 

O' 

CM 

o 

<r 

M3 

CM 

•H 

O' 

•H 

Ul 

<t 

<r 

o 

O 

a 

O 

o 

ro 

pH 

pH 

o 

pH 

pH 

o 

CM 

o 

pH 

o 

M3 

ro 

o 

<t 

cu 

CJ 

pH 

CM 

CM 

o 

pH 

o 

<t 

co 

<± 

o 

M3 

CM 

o 

pH 

r^- 

O' 

O 

o 

N 

M3 

o 

o 

o 

o 

O 

o 

o 

O 

o 

N 

a 

o 

pH 

ro 

CM 

rH 

CM 

o 

o 

00 

r ) 

O 

o 

U) 

CM 

o 

o 

ro 

o 

o 

P) 

o 

pH 

rj 

o 

o 

o 

CM 

o 

o 

o 

o 

•H 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

I I I I I I I I I II  I I I I 


n 

N 

pH 

CM 

M3 

o 

pH 

in 

O' 

ro 

<t 

C0 

CM 

ro 

N 

pH 

CM 

M3 

o 

pH 

in 

& 

ro 

00 

CM 

ro 

s 

pH 

CM 

ro 

o 

pH 

ro 

O' 

ro 

•t 

ro 

CM 

to 

pH 

pH 

pH 

pH 

pH 

pH 

rH 

pH 

pH 

pH 

pH 

pH 

•H 

pH 

pH 

CM 

CM 

CM 

ro 

ro 

ro 

ro 

<t 

<t 

<t 

in 

in 

in 

M3 

«n 

M3 

N 

s 

N 

N 

ro 

ro 

ro 

O' 

O' 

O' 

o 

O 

o 

pH 

pH 

pH 

CM 

CM 

CM 

n 

pH 

r-H 

pH 

H 

pH 

pH 

pH 

pH 

pH 

rH 

o 

C0 

o 

M3 

ro 

m 

N 

O' 

o 

O' 

t 

ro 

M3 

in 

O' 

O' 

ro 

ro 

O' 

ro 

ro 

O' 

ro 

N 

<t 

O' 

ro 

M3 

pH 

ro 

CM 

<t 

ro 

pH 

o 

S 

o 

N 

® 

t- 

MJ 

O' 

If) 

M3 

ro 

MJ 

CM 

rH 

o 

M3 

ro 

o 

VO 

ro 

O' 

M3 

M3 

<t 

CM 

O' 

in 

ro 

CM 

pH 

CD 

o 

N 

<r 

ro 

co 

ro 

ro 

SU 

o 

ro 

o 

CD 

CM 

ro 

CM 

<0 

O' 

in 

n 

M3 

<t 

<t 

in 

pH 

CO 

O 

N 

ro 

in 

pH 

N 

ro 

ro 

O' 

CM 

O 

N 

M) 

CD 

N 

O' 

in 

CD 

o 

pH 

O' 

<t 

pH 

o 

CM 

<t 

pH 

■it 

<* 

<* 

ro 

a) 

ro 

ro 

o 

in 

ao 

CM 

0) 

O 

pH 

CM 

CM 

CM 

n 

o 

pH 

ro 

pH 

CM 

n 

o 

n 

<t 

CO 

o 

CO 

ro 

CM 

O' 

ro 

O 

o 

a 

o 

o 

pH 

pH 

o 

O' 

pH 

o 

CM 

o 

o 

o 

N 

pH 

o 

ro 

in 

ro 

M3 

<t 

CO 

pH 

CM 

ro 

O 

CO 

CM 

CM 

CM 

o 

<t 

in 

CM 

N 

CM 

co 

in 

o 

o 

o 

o 

o 

o 

o 

M3 

o 

o 

N* 

o 

o 

o 

o 

ro 

o 

pH 

pH 

o 

o 

CD 

o 

o 

o 

o 

o 

o 

-* 

o 

O 

pH 

o 

o 

o 

D 

o 

a 

pH 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

pH 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

I I I I I III  I | I I I I I I I III 


CM 

ro 

o 

pH 

ro 

O' 

m 

< 

ro 

CM 

ro 

N 

pH 

CM 

ro 

o 

pH 

ro 

O' 

ro 

<t 

ro 

CM 

ro 

h- 

pH 

CM 

ro 

o 

pH 

in 

o 

ro 

<t 

ro 

CM 

ro 

pH 

CM 

pH 

«H 

pH 

pH 

pH 

pH 

pH 

pH 

pH 

pH 

pH 

pH 

pH 

pH 

pH 

CM 

CM 

CM 

CM 

ro 

to 

ro 

<t 

<t 

<t 

ro 

ro 

in 

ro 

ro 

ro 

ro 

r^ 

N 

CD 

CO 

ro 

O' 

O' 

O' 

a 

o 

o 

o 

pH 

pH 

CM 

CM 

CM 

n 

pH 

- 

pH 

pH 

rH 

pH 

•H 

rH 

H 

pH 

rH 

o 

CM 

ro 

O' 

O 

ro 

o 

pH 

pH 

o 

CM 

ro 

ro 

O' 

<t 

ro 

o 

CO 

N 

ro 

CM 

ro 

ro 

ro 

o 

n 

ro 

<T 

o 

ro 

CO 

CM 

pH 

ro 

pH 

in 

CO 

<t 

in 

ro 

pH 

ro 

N 

r~ 

in 

o 

O' 

O' 

in 

ro 

ro 

pH 

O' 

ro 

o 

O' 

O' 

o 

ro 

CO 

r~ 

rH 

o 

O' 

pH 

N 

vt 

ro 

rH 

>t 

N 

pH 

O' 

O' 

ro 

O 

co 

ro 

N 

CO 

in 

ro 

l/> 

m 

o 

O' 

CM 

r* 

ro 

O' 

pH 

ro 

O' 

CM 

CM 

0* 

ro 

N 

o 

CM 

CM 

If) 

n 

in 

CO 

ro 

n 

O' 

O 

ro 

r- 

ro 

N 

o 

CM 

ro 

ro 

CM 

<* 

O' 

o 

ro 

ro 

ro 

CM 

pH 

o 

ro 

ro 

<t 

113 

CM 

ro 

o 

O' 

pH 

O' 

n 

ro 

CM 

O' 

00 

ro 

ro 

pH 

n 

o 

r- 

N 

rH 

CM 

o 

a 

o 

ro 

CM 

o 

o 

CM 

ro 

m 

pH 

pH 

o 

O' 

pH 

CM 

CM 

CM 

N 

N 

«H 

ro 

ro 

o 

00 

pH 

N* 

ro 

CM 

pH 

O' 

CO 

ro 

o 

'0 

ro 

<t 

o 

o 

o 

o 

pH 

o 

o 

o 

o 

o 

o 

O 

O 

ro 

CM 

o 

o 

O 

O 

CM 

CM 

o 

CM 

o 

o 

ro 

ro 

O 

o 

o 

o 

O 

ro 

ro 

o 

o 

O 

o 

.loooooooooooaooooooooooooooooooooooooooo 
I II  II  I I I I I I I I I I I III 


iino'ro<trocMroN>-<<Mroo.-<ino'ro<tmcMHN-<cMroc3rPinu'ro<TroiMcoN^cMroo~* 


continued 


249 


ro 

O' 

CM 

CM 

M3 

C\J 

m 

H 

cd 

<r 

rH 

m 

CM 

o 

>0 

ro 

ro 

CO 

o 

>0 

ID 

in 

o 

in 

ro 

CO 

ro 

o 

O' 

ro 

in 

ro 

<* 

n 

N 

CO 

o 

U) 

ro 

o 

ro 

H 

O' 

CM 

ro 

N 

ro 

o 

<r 

N 

a 

O 

n 

o 

(M 

ro 

vu 

CM 

rH 

P) 

CM 

O' 

CD 

o 

H 

>0 

N 

ou 

o 

o 

N- 

N» 

ou 

o 

in 

CM 

M) 

H 

N 

M3 

o 

<r 

o 

o 

o 

o 

o 

o 

n 

o 

o 

o 

in 

o 

o 

o 

v0 

in 

O 

o 

0. 

0 . 

0. 

o 

o 

o 

H 

0. 

0 . 

0. 

0. 

• 0 

•o 

o 

o 

o 

o 

o 

I III  II 


OD 

CM 

vU 

O 

vO 

o 

M) 

o 

vu 

O 

VO 

o 

»o 

o 

M3 

o 

M3 

o 

•H 

•h 

CM 

•H 

CM 

rH 

CM 

—4 

CM 

•H 

CM 

«-h 

CM 

rH 

CM 

rH 

CM 

ro 

n 

<r 

tn 

IT) 

>0 

VO 

K 

au 

no 

o 

O 

O 

n 

rH 

rH 

—4 

rH 

H 

T-4 

rH 

rH 

rH 

•h 

rH 

H 

*■*4 

H 

rH 

rH 

eg 

i\J 

CM 

CM 

*h 

M) 

<t 

o 

N 

n 

o 

O 

IT) 

rO 

H 

CM 

o 

n 

CO 

H 

O' 

<* 

in 

O' 

N 

<* 

CM 

M3 

ID 

n 

*— < 

*H 

<* 

00 

in 

n 

ro 

o 

a) 

Q 

CM 

vu 

o 

CM 

O' 

vO 

rH 

rH 

<r 

r^- 

U) 

LT 

O 

rH 

o 

r- 

O 

<T 

CM 

<* 

cu 

>0 

co 

rH 

CD 

<r 

o 

>0 

o 

ro 

rH 

o 

o 

<r 

*>H 

CM 

*H 

H 

M) 

h* 

n 

M3 

rH 

CO 

o 

n 

0* 

rH 

««■* 

O 

o 

O 

o 

H 

o 

CM 

o 

CM 

-* 

N 

o 

l\J 

o 

o 

0 , 

0. 

0. 

0 . 

0 . 

o 

0. 

0 . 

■c 

0. 

o 

•0 

■ c 

o 

0. 

o , 

0. 

I | I | I I I l 


s- 

rH 

in 

o 

in 

(Ti 

in 

o 

in 

Ov 

n 

o 

n 

o 

in 

O' 

in 

O' 

rH 

rH 

H 

H 

H 

^4 

rH 

r-4 

»— 4 

•-* 

•H 

*H 

r* 

n 

n 

-4- 

in 

in 

ro 

ro 

r- 

N 

© 

CO 

o 

o 

o 

o 

r-4 

H 

rH 

H 

— 

r-4 

»4 

H 

l>4 

r— 4 

H 

r-4 

T-^ 

CM 

rvj 

rvj 

eg 

rH 

o 

n 

CM 

O 

rH 

CO 

rH 

eg 

n 

v0 

MO 

»-4 

n 

n 

n 

CM 

in 

co 

MO 

MJ 

<0 

10 

-J 

<r 

n 

<3- 

o 

CJO 

CM 

n 

CM 

<* 

in 

o 

O 

0) 

ro 

H 

m 

n 

n 

N 

H 

<t 

n 

n 

O 

in 

M3 

K 

CO 

ro 

oo 

•—4 

n 

CM 

n 

MO 

n 

O' 

n 

<■"4 

>0 

ro 

<t 

CM 

O 

H 

MO 

n 

C7» 

f) 

CO 

K. 

N 

o 

in 

N 

■4- 

o 

rH 

o 

O 

rH 

o 

—4 

in 

O 

O 

r- 

o 

n 

<t 

o 

H 

o 

a 

H 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

I II  II 


T5 

<D 

3 

C 

•H 

-p 

c 

0 
u 

1 

CD 


MO 

O 

00 

CO 

<t 

CO 

<t 

CD 

<}■ 

CO 

ro 

no 

<f 

00 

r-4 

■4 

H 

H 

H 

r-4 

r-4 

r-4 

rH 

r-4 

r-4 

r-4 

r-4 

r4 

•H 

r-4 

n 

ro 

M- 

n 

n 

M) 

<0 

N 

r* 

CO 

© 

O' 

O' 

o 

O 

r-4 

r«4 

»-4 

r-4 

r-4 

r-4 

r-4 

r-4 

rr 4 

r-4 

r-4 

r-4 

r-4 

r-4 

H 

r-4 

CM 

CM 

CM 

eg 

<* 

O' 

MO 

N 

n 

N- 

r-4 

r- 

N 

CM 

O' 

n 

in 

o 

r-4 

<t  rH 

H 

o 

n 

O' 

S 

MO 

r-4 

O 

o 

CO 

in 

© 

ro 

CO 

<j> 

n 

l/) 

r-4  rH 

in 

CM 

O' 

s 

rH 

CM 

CM 

CM 

CO 

MO 

n 

o 

N 

M3 

CM 

ro 

ro 

n o 

N 

N 

N 

>0 

o 

o 

o 

MO 

r-4 

in 

CM 

r-4 

CD 

o 

ro 

ro  ro 

»—4 

00 

00 

o 

o 

O 

S 

o 

CD 

o 

N 

o 

O 

o 

<t 

ro 

<t  M> 

r-4 

o 

CM 

o 

o 

o 

o 

o 

o 

O 

o 

O 

o 

CM 

o 

a 

o 

O rH 

ooooooooo-<oooooooo-< 
t III  I III 


w 

PI 

m 

< 

E-i 


nroro<r<f'ininMDM;f'-r'-cD{DO'U'oo--.-< 


250 


Fig.  A-3. 


Geometry  for  dimethyl  ether.  The  atoms  are 
numbered  as  used  in  the  normal  coordinate 
analysis.  From  reference  (103) : 


a(2,7,3)  = 108°  44 ' 
a ( 1 , 7, 2)  = 109°  33  ' 
a (9 , 7, 1)  = 107° 14 ' 
a(9,7,2)  = 110°  50  1 


a(7,9,8)  = 111°  43 ' 
r (1 , 7)  = 1.091  | 
r (2 , 7)  = 1.100  A 
r ( 7 , 9)  = 1.410  A 
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TABLE  A- 19 

INTERNAL  DISPLACEMENT  COORDINATES  FOR  DIMETHYL  ETHER 

r = R (7, 1) 
r2  = R ( 7 , 2 ) 
r3  = R ( 7, 3) 
r4  = R(8, 4) 
r5  = R(8, 5) 
r = R(8, 6) 

O 

r?  = a(2,7,3) 
rQ  = a (1, 7,  3) 
rg  = a (1, 7, 2) 
rlo=  a(5,8,6) 
rH=  a (4,8,6) 

ri2=  a(4'8'5) 

ri3=  01(9,7,1) 

r14=  00,7,2) 

ri5=  a(9,7,3) 

r.  = a(9,8,4) 

16 

r17=  a (9, 8, 5) 
r 8=  a (9 , 8 ,6) 
rig=  R(7,9) 
r2Q=  R(8,9) 
r21=  a ( 7, 9 , 8) 
r22=  T(l,7,9,8) 
r23=  T(4,8,9,7) 


Note:  See  footnotes  for  TABLE  A-l 


TABLE  A- 20 

UNNORMALIZED  SYMMETRY  COORDINATES  FOR  DIMETHYL  ETHER 


S1  = 
S2  = 
S 3 

54 

55  = 

S = 
6 

S7 


2r  - r - r + 2r  - r - r 

1 2 3 4 5 6 

r + r + r + r + r + r 

1 2 3 4 5 6 

2 (r  + r ) - (r  + r + r + r ) 

7 10  8 9 11  12 

r7+  r!0+  V V ril+  ri2"  (r!3+  r!6)"(ri4+  ri5+  r!7+ 

2(ri3+  r16)-(r14+  r15+  r1?+  ^ 

ri9+  r20 
r21 

r2~  r3~  r5+  r6 


S9  = 

sio~ 


11 

S12= 

S13= 

S14= 

S15~ 

S16= 

S17= 

S18= 

S19= 

S20= 

S21= 


r - r - 

8 9 


r + r 
11  12 


r - r - r + r 
14  15  17  18 

r22+  r23 

r2~  r3+  r5~  r6 

r - r + r - r 
8 9 11  12 

r*  — t + r — r 

14  15  17  18 

r22~  r23 

2rr  V r3~  2r4+  V r6 


r + r + r - 
12  3 


r — r — r 
4 5 6 


2(V  rio’-(V  V Hr  ri2> 

'V  r101+  V V rll-  r12-(r13-  r16’-<r14+  r15-  r17- 
2(r13~  r16t_<r14+  r15“  r17-  r18) 
ri9~  r20 


Note: 


Taken  from  Levin,  Pearce,  and  Spiker  (84) 


TABLE  A- 21 

THE  A MATRIX  FOR  DIMETHYL  ETHER 
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Fig.  A- 


4.  Geometry  for  formaldehyde.  The  atoms  are 
numbered  as  used  in  the  normal  coordinate 
analysis.  From  (86): 

a(l,4,2)  = 120° 
r (1 , 4)  = 1.09  A0 
r (3 , 4)  = 1.213  A 
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TABLE  A- 2 3 

INTERNAL  DISPLACEMENT  COORDINATES  FOR  FORMALDEHYDE 

r = R(4,l)a 

r2  = R ( 4 , 2 ) 

r3  = R(3, 4) 

r = a(3,4,l) 

4 

r5  = a ( 3, 4 , 2) 

= a(l,4, 2) 

6 

r?  = 6(3, 4)b 

aSee  footnotes  for  TABLE  A-l 
^Carbonyl  out  of  plane  wag 


TABLE  A- 2 4 

UNNORMALIZED  SYMMETRY  COORDINATES  FOR  FORMALDEHYDE 


S 


1 


S 

s 

s 


2 

3 

4 


S 

S 


5 

6 


ri+  r2 


V r5 

ri  “ r 

V r5 


-2r 

2 


6 


Note:  Taken  from  Hitsatsune  and  Eggers  (86) 


TABLE  A- 2 5 

THE  SYMMETRI ZED  A MATRIX  FOR  FORMALDEHYDE 
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0, 


Fig.  A-5.  Geometry  for  acetone.  The  atoms  are  numbered 
as  used  in  the  normal  coordinate  analysis. 
From  (75) : 

a (6, 4, 7)  = 108° 46 ' r(l,2)  = 1.222  A 

a(3,2,4)  = 117° lg 1 r (4 , 5)  = 1.085  A 

r ( 2 , 3 ) = 1.507  A 

The  methyl  tilt  towards  oxygen  is  1°21' 
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TABLE  A- 2 7 

INTERNAL  DISPLACEMENT  COORDINATES  FOR  ACETONE 

r1  = R (4 , 5)  3 

r2  = R (4 , 6) 

r 3 = R(4, 7) 

r4  = R ( 3, 8) 

r5  = R( 3, 9) 

r = R( 3, 10) 

6 

r?  = R ( 1 / 2 ) 
r8  = a(6,4,7) 
rg  = a(5,4,7) 

rio=  “(5,4,6) 

r = a(9,3,10) 

r = a(8,3,10) 

r = a (8 , 3 , 9) 

r14=  a(2,4,5) 

r = 01(2,4,6) 
lb  ^ 

r 16=  a(2,4,7) 
r47=  a (2, 3,8) 
ri8=  a (2, 3,9) 
r = a (2 , 3, 10) 
r20=  R(2,3) 
r21=  R(2,4) 
r22=  “(3,2,4) 
r23=  0t  ( 1 , 2 , 3) 
r24=  a(l,2,4) 

r25=  T(8'3'2'1} 
r,=  1(5,4, 2,1) 

26  h 

r27=  6(1,2) 

aSee  footnotes  for  TABLE  A-l 
^Out-of -plane  carbonyl  wag 
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TABLE  A- 2 8 

UNNORMALIZED  SYMMETRY  COORDINATES  FOR  ACETONE 


= 

2r  - 

r - : 

1 

2 

— 

r + 

r + r 

1 

2 

= 

r 

7 

— 

2r  - 

r - : 

8 

9 

— 

r + 

r + r 

8 

9 

= 

2r 

- r ■ 

14 

15 

= 

r + 

r , 

20 

21 

_ 

2r 

- r „■ 

22 

23 

_ 

r + 

r _+ 

22 

23 

r + 2r  - r,  - r 


sio= 

r8+ 

r9+  r!0+  ri4+ 

Sll= 

r 2~ 

r3+  r 5~  r6 

S12= 

r9~ 

r + r - r 
10  12  13 

S13= 

ri5" 

ri6+  ri8_  ri9 

S14= 

r25~ 

r26 

S15= 

r2" 

r 3~  r5+  r6 

S16_ 

r9_ 

r - r + r 
10  12  13 

S17= 

ri5~ 

r 16~  ri8+  r 19 

S18= 

r27 

S19_ 

r25+ 

r26 

S20= 

2rr 

V r3"  2V 

(redundant) 


continued 
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TABLE  A-28-continued 


S21=  V V V V V r6 
S22‘  2V  V r10-  2ril+  r!2+  r13 

S23=  r8+  r9+  r10-  r14“  'IS'  r16*  rll"  rl2'  r13+  r17+  ri8+  ri9 
S24'  2r!4-  ri5‘  ri6‘  2r!7+  r!8+  ri9 
S25=  r20'  r21 
S26=  r23~  r24 


S27=  r8+  V r10+  r!4+  r!5+  ri6~  rU~  r12'  ri7~  r18-  r19 -713  (redundant) 


Note:  Taken  from  Mann  and  Dixon  (91) 


TABLE  A- 2 9 

THE  A MATRIX  FOR  ACETONE 
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APPENDIX  B 

SIMULATED  INFRARED  SPECTRA 

We  study  in  this  dissertation  molecules  large  enough  to  have 
many  vibrational  modes  and  consequently,  for  the  gas  phase  spectra 
with  which  we  are  concerned,  many  vibrational  mode  frequencies  for 
which  the  vibrational-rotational  manifolds  overlap.  The  number  of 
normal  modes  ranges  from  twelve  for  methanol  up  to  twenty-four 
for  acetone.  The  quality  of  the  predicted  absolute  intensities 
for  so  many  vibrational  modes  is  difficult  to  absorb;  we  have  chosen, 
therefore,  to  plot  simulated  spectra  for  many  of  the  data  tabulated 
throughout  this  dissertation.  For  this,  we  have  used  the  SPECTRUM 
program  developed  by  Newton  ( 106  ) for  use  in  conjunction  with  a 
Gould  electrostatic  plotter  ( 107  ) • We  shall  now  outline  the 
procedure  we  follow  for  plotting  intensities  as  a function  of  wave- 
number. 

Infrared  spectra  were  simulated  by  assuming  the  absorption  band 
shapes  were  Gaussian.  This  assumption  is  not  completely  correct  for 
spectra  of  gas  phase  molecules  because  the  absorption  bands  have 
vibrational-rotational  structure  (e.g.  P,  Q,  R or  P,  R structure) 
and  hence  cannot  be  fit  by  simple  gaussians.  To  fit  the  simulated 
spectra  to  actual  band  shapes  would  be  much  more  difficult,  especially 
since  hot  bands  due  to  low  frequency  torsional  modes  further  complicate 
the  spectra  ( 108  ) . 
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Bandshapes  are  thus  assumed  to  be  Gaussian  functions  given 
by  (109,  110) 


a(v) 


a 

max 


exp 


-4  In  2 (V-V  ) 
o 


(Av 


1/2 


(B-l) 


where  a(V)  is  the  abosrbance  at  waveneumber  V,  is  the  frequency 
(in  cm  1)  of  the  band  origin,  Av^2  is  the  full-width  of  the  absorp- 
tion band  at  one  half  the  maximum  absorbance  value  (FWHM) , and  a 


is  given  by 


max 


AC£  = /T(4  In  2)"1/2  a AV,  (B-2 ) 

max  1/2 

Here  A,  C,  and  £ are  as  defined  throughout  this  dissertation.  We 
may  substitute  Eq.  (B-2)  into  Eq.  (B-l)  and  convert  to  consistent 
units  to  obtain 


a(v) 


93.94  AC£ 


Av 


exp 


1/2 


-2. 7726 (V-V  ) 
o 
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(B-3) 


-1  -3 

Here  A has  units  of  km  mol  , C is  in  mol  dm  , £ is  in  cm,  and  all 
frequencies  V are  expressed  in  cm  ^ . 

The  quantity  a(V)  is  unitless,  but  we  have  defined  it  relative 
to  the  base  e;  thus,  when  the  absorbance  is  computed  from  an  ex- 
perimental transmittance  spectrum,  Eq.  (B-4)  should  be  used: 

a (V)  = log  (I  /I)  (B-4) 

e o 

Such  a definition  of  absorbance  is  not  the  one  recommended  by  the 
ASTM  Committee  on  Molecular  Spectroscopy  ( 111  ) . They  recommend 
the  absorbance  be  defined  as 


a(v)  = log  (I  /I) 
1U  o 


(B-5) 
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The  interconversion  between  Eq.  (B-5)  and  Eq.  (B-4)  is  of  course 
trivial:  an  ot  (V)  value  defined  by  Eq.  (B-5)  must  be  multiplied  by 
2.303  to  obtain  an  a(V)  consistent  with  Eq.  (B-4)  and  hence  with 
Eq.  (B-3) . The  simulated  spectra  actually  are  plotted  in  units 
of  transmittance  (T) : 

T - (I/I  ) = e~a  (B-6) 

o 

Values  for  absorption  band  half -widths  (FWHM)  were  estimated 

from  the  experimental  absorption  spectra.  This  procedure  presents 

a problem  for  regions  with  overlapping  modes  such  as  the  C-H 

stretching  region  at  3000  cm  ^ for  dimethyl  ether.  Although  there 

are  five  infrared-active  C-H  stretching  vibrations  in  this  region, 

only  three  partially  resolved  bands  are  seen  in  the  gas  phase 

spectrum.  To  best  simulate  the  experimentally  observed  spectrum, 

we  would  therefore  add  the  five  intensities  calculated  for  this 

region  to  get  intensities  for  three  gaussians.  Thus,  we  would  add 

together  the  intensities  for  V (2992  cm  ^)  and  \>  (2987  cm  ^)  , to 

1 16 

get  an  intensity  for  one  gaussian;  absolute  intensities  for 
(2817  cm  "S  and  v^(2826  cm  ^)  would  also  be  added  to  yield  an 
intensity  for  the  second  gaussian;  finally,  the  intensity  for  V 

O 

-1 

(2934  cm  ) is  used  as  the  intensity  for  the  third  gaussian.  This 
same  procedure  is  followed  for  other  overlapping  bands  in  our  series 
of  molecules;  thus,  we  only  fit  to  as  many  absorption  lines  as  we 
can  easily  estimate  from  the  experimental  spectru.  The  calculated 
intensities  of  modes  which  are  not  discernable  in  the  experimental 
spectrum  are  added  to  the  calculated  intensities  for  modes  in  that 
region  which  are  visible.  Such  a procedure  partially  accounts  for 
any  inadequacies  in  the  normal  coordinates  (L)  since  intensities 
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for  normal  modes  of  the  same  symmetry  with  similar  frequencies 
will  depend  very  strongly  upon  the  exact  form  of  L. 

Simulated  spectra  are  plotted  in  transmittance  units  rather 
than  absorbance  units.  It  is  the  absorbance  which  is  directly 
proportional  to  the  number  density  of  absorbers  in  the  light  path, 
but  spectrometers  commonly  in  use  record  spectra  in  transmittance 
units.  Since  one  of  the  goals  of  infrared  intensity  calculations, 
is  to  obtain  data  to  compare  with  experiment,  we  have  chosen 
transmittance  units.  One  should  keep  in  mind,  though,  that  plots 
linear  in  transmittance  visually  minimize  disagreements  with  the 
experiment  by  virtue  of  Eq.  (B-6) . 

Finally,  only  absorption  bands  of  frequencies  falling  within 
the  regions  spanned  by  the  experimental  spectra  are  plotted  in  the 
simulated  spectra.  Intensities  for  some  low  frequency  absorption 
modes  (such  as  torsions  below  400  cm  ’*’)  are  consequently  not  shown 
in  the  simulated  spectra  because  the  potassium  bromide  gas  cell 
windows  are  not  transparent  to  infrared  radiation  below  400  cm  ^ 

( 112  ) . Also,  the  instrumental  design  of  the  Nicolet  Model  7199 

FT-IR  with  which  many  of  the  experimental  spectra  were  measured, 

-1  -1 

precludes  simultaneous  scanning  from  4000  cm  to  beyond  400  cm  , 
one  reason  being  the  potassium  bromide  beam  splitter. 

The  data  used  to  plot  simulated  spectra  shown  in  this  disserta- 
tion are  presented  in  Tables  B-l  through  B-4.  Again,  we  emphasize 
that  only  distinguishable  bands  in  the  experimental  spectra  are 
fit  by  the  simulated  spectra,  and  that  the  half-widths  are  estimated 


from  the  experimental  data. 
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TABLE  B-l 

PARAMETERS  FOR  SIMULATED  SPECTRA  OF  METHANOL 


Band  Maximum  (cm  "*')a 

Half-width (cm 

3680.0 

85.0 

2960.0 

125.0 

2840.0 

85.0 

1470.0 

60.0 

1343.0 

120.0 

1223.0 

30.0 

1033.0 

80.0 

Experimentally  observed  frequencies 

Full  width  at  half  maximum,  estimated  from  experimental  spectrum 
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TABLE  B-2 

PARAMETERS  FOR  SIMULATED  SPECTRA  OF  ETHANOL 


Band  Maximum  (cm  "S3 

Half-width  (cm  "S'3 

3660.0 

60.0 

2980.0 

100.0 

2900.0 

70.0 

1480.0 

30.0 

1450.0 

10.0 

1390.0 

60.0 

1240.0 

60.0 

1065.0 

80.0 

880.0 

50.0 

801.0 

30.0 

Experimentally  observed  frequencies 

Full  width  at  half  maximum,  estimated  from  experimental  spectrum 
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TABLE  B-3 

PARAMETERS  FOR  SIMULATED  SPECTRA  OF  DIMETHYL  ETHER 


Band  Maximum  (cm  "Sa 

— 1 K 

Half-width (cm  ) 

2990.0 

75.0 

2900.0 

60.0 

2820.0 

70.0 

1460.0 

47.0 

1175.0 

55.0 

1095.0 

52.0 

920.0 

77.0 

425.0 

25.0 

Experimentally  observed  frequencies 

Full  width  at  half  maximum,  estimated  from  experimental  spectrum 
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TABLE  B-4 

PARAMETERS  FOR  SIMULATED  SPECTRA  OF  ACETONE 


Band  Maximum (cm  ^)a 

-|  r 

Half-width (cm  ) 

2973.0 

115.0 

1738.0 

48.0 

1437.0 

62.0 

1365.0 

39.0 

1218.0 

40.0 

1093.0 

47.0 

896.0 

49.0 

779.0 

38.0 

528.0 

41.0 

483.0 

40.0 

Experimentally  observed  frequencies 
Full  width  at  half  maximum,  estimated  from  experimental  spectrum 
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